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ABSTRACT
E n e r g y  Bonds a r e  c a l c u l a t e d  f o r  h e x a g o n a l  Ni S  u s i n g  l a t t i c e  
c o n s t a n t s  and c r y s t a l  p o t e n t i a l  a p p r o p r i a t e  t o  t he  p a r a m a g n e t i c  
m e t a l l i c  p h a s e .  Gr o u p  t h e o r e t i c  r e s u l t s  t o r  s ,  p and d oanas  i n  
N i A s  s t r u c t u r e  a r e  O b t a i n e d  and t he  c a l c u l a t i o n  i s  p e r  f o r me d  u s i n g  
a t i r s t  p r i n c i p l e s ,  t i g h t ~ b i n d i n g  m e t h o d .  The e n e r g y  Dand s t r u c t u r e  
i s  c h a r a c t e r i z e d  ny a 3d oand a b o u t  3 v o l t s  w i d e  h y b r i d i z e d  w i t h  a 
b r o a d  s - p  band ,  i n d i c a t i n g  s - d  t y p e  c o n d u c t i v i t y .  The  F e r mi  
e n e r g y  l i e s  j u s t  b e l o w  t h e  t op  o f  t he  d bands and t he d e n s i t y  o f  
s t a t e s  e x h i b i t s  a s t r o n g ,  s h a r p  p e a k  a b o u t  o n e  v o l t  b e l o w  t he  F e r mi  
e n e r g y .  S i n c e  t h e  e n e r g y  bands s u g g e s t  t h a t  t h e r e  w i l l  r e  c o n s i d e r a b l e  
s t r u c t u r e  i n  t he  l ow e n e r g y  r e g i o n  o f  t h e  r e f l e c t i v i t y ,  s e l e c t i o n  
r u l e s ,  p o l a r i z a t i o n s  and e n e r g i e s  f o r  some o f  t h e  s p e c t r a  a r e  
p r e s e n t e d .  The  band s t r u c t u r e  i s  d i s c u s s e d  i n  t e r ms  o f  t h e  m e t a i -  
t o - s e m i c o n d u c t o r  t r a n s i t i o n  w h i c h  h as  bee n  o b s e r v e d  f o r  h e x a g o n a l  
N i S  .
v
C H A P T E R  1
INTRODUCTION
E n e r g y  b a n d  t n e o r y ,  w b i c n  i s  b a s e d  upon s i n g l e  p a r t i c l e  
a pp r ox  i rna t i on and B l o c h ' s  t h e o r e m ,  h a s  b e e n  s u c c e s s f u l  i n e x p l a i n i n g  
r ;u ch 0 1  t h e  i m p o r t a n t  e l e c t r o n i c  b e h a v i o r  i n t h e  s o l i d  s t a t e .  
S u c c e s s f u l  app 1 i c a t  i on o t t h e  i i gh t -  b i nd i ng rse l nod t o s.e t a 1 1 i c
t h e  e n e r g y  b a n d s  i n n i c k e l  s u l f i d e .  P r e s e n t e d  h e r e  i s a “ f i r s t  
p r i n c i p l e s 11 c a l c u l a t i o n  b a s e d  upon a t i g h t  b i n d i n g  s c he me  w h i c h  does  
n o t  n e g l e c t  t h r e e - c e n t e r  i n t e g r a l s  o r  r e s t r i c t  t h e  sum o v e r  n e i g h b o r s  
t o  f i r s t  n e i g h b o r s  o n l y .  F o r  t h i s  p u r p o s e  we h a v e  e x t e n d e d  t h e  me t h o d  
u s e d  by L a f o n  a nd  L i n  t o  t r e a t  d - e l e c t r o n s .
I t  i s  o f  i n t e r e s t  t o  d e s c r i b e  some o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  
n i c k e l  s u l f i d e .  N i c k e l  s u l f i d e  has  a m e t a l  t o  s e m i c o n d u c t o r  t r a n s i t i o n
t o  a pa  r a ma g n e  t i c  m e t a l l  I c  s t a t e .  A t  t h e  t r a n s i t ! o n  t e m p e r a t u r e ,  
t lie n i c k e l  s u l f i d e  c r y s t a l s  h a v e  d i s c o n t i n u o u s  c h a n g e s  o f  o o t h  t h e  
l a t t i c e  p a r a m e t e r s  and  u n i t  c e l l  v o l u m e ,  as  w e l l  as t h e  m a g n e t i c  
s u s c e p t i b i l i t y  ( a  f i r s t  o r d e r  t r a n s i t i o n ) .  T h e  l a t t i c e  p a r a m e t e r  c 
c h a n g e s  by  a b o u t  1/ ,  and  a  by  a b o u t  1 / 3 / .
C a l c u l a t i o n s  f o r  t r a n s i t i o n  m e t a l  c ompounds  h a v e  p r e v i o u s l y  
y i e l d e d  some o f  t h e  w o r s t  r e s u l t s  e x p e r i e n c e d  i n a p p l i e d  e n e r g y  band  
t h e o r y .  E n e r g y  b a n d  t h e o r y  p r e d i c t e d  m e t a l s  when i t  s h o u l d  h a v e  bee n  
an i n s u l a t o r  a nd  v i s a  v e r s a .  H o w e v e r ,  t h i s  f a i l u r e  c a n  be a t t r i b u t e d  
t o  o u r  i n a c c u r a t e  k n o w l e d g e  o f  t h e  c r y s t a l l i n e  p o t e n t i a l s  and t h e  
l a c k  o f  a c c u r a t e  band  c a 1c u 1 a t i o n s .
l i t h i u m  by  L a f o n  and L i n  has  m o t i v a t e d  t h i s  t y p e  o f  c a l c u l a t i o n  f o r
a t go e s  f r o m  an a n t i f e r r o m a g n e t t c  s e m i c o n d u c t i n g  s t a t e
2An a c c u r a t e  bund c j  1 cu 1 a t ! on i s  v e r y  i u 1 I f  h. w<jr, f s  t o
s t u d y  t h e  s e m i c o n d u c t o r  t o  m e t a l  t r u n s  I L i o . i , Muny p l a n ' :  o f  a t t a c k  
h a v e  b e a n  s u g g e s t e d  i n  t h e  s t u d y  o f  t  h e s e  ^  ^ ^ ^  and none  o f  t h e s e  
a t t a c k s  nas  b e a n  c o m p l e t e l y  e l i m i n a t e d .  H o w e v e r ,  t h i s  c a l c u l a t i o n  
c o u l d  h e l p  t o  e l i m i n a t e  one  o f  t h e s e  p o s s i b i l i t i e s .  T h i s  one  b e i n g  
a t t r i b u t e d  t o  S l a t e r ,  who p r o p o s e d  t h a t  t h e  t r a n s i t i o n  may be due  
t o  t h e  f a c t  t n a t  t h e  s e m i c o n d u c t i n g  s t a t e  i s  a n t i f e r r o m a g n e t  i c  and  
t h e  c o n d u c t i n g  s t a t e  I s  n o t .  But  a s  t h e  d a t a  on t h e s e  c ompounds  
bec ame  a v a i l a b l e  i t  was o b s e r v e d  t h a t  most  o f  t h e s e  c ompounds  d i d  
n o t  become c o n d u c t o r s  a t  t h e  Ne e l  t e m p e r a t u r e  b u t  a t  a  s i  i g h t l y  
h i g h e r  t e m p e r a t u r e .  I n  f a c t ,  t o  my k n o w l e d g e ,  o n l y  n i c k e l  s u l : i u e  
b ec omes  a c o n d u c t o r  a t  t h e  N e e l  t e m p e r a t u r e .  Now,  w i t h  t h i s  c a l ­
c u l a t i o n ,  w h i c h  d e a l s  o n l y  w i t h  t h e  c o n d u c t i n g  p h a s e ,  i t  i s p o s s i b l e  
t o  i n v e s t i g a t e  a l i t t l e  f u r t h e r  i n t o  t h e s e  t r a n s i t i o n s .  T h i s  w i l l  
be done  i n  t h e  c o n c l u s i o n s .
N i c k e l  s u l f i d e  h as  t h e  n i c k e l  a r s e n i d e  s t r u c t u r e ,  s p a c e  g r o u p
A
D^. . Few b a n d  c a l c u l a t i o n s  h a v e  b e e n  n o d e  f o r  t r a n s i t i o n  m e t a l  
oh
compounds, a n d  t o  Our k n o w l e d g e  no c a l c u l a t i o n s  h a v e  e v e r  b e e n  made  
f o r  a n y  c r y s t a l  w i t h  t h e  n i c k e l  a r s e n i d e  s t r u c t u r e .
A g r e a t  a mo un t  o f  t i m e  i n t h i s  c a l c u l a t i n g  was s p e n t  i n  t h e  
d e r i v a t i o n  a n d  d e v e l o p m e n t  o f  t h r e e  c e n t e r  i n t e g r a l s ,  w h i c h  a r e  u s e d  
i n  t h e  t i g h t  b i n d i n g  c a l c u l a t i o n .  I n t e g r a l s  o t  3d t y p e  S l a t e r  
o r b i t a l s  w i t h  a c r y s t a l l i n e  p o t e n t i a l  a r e  q u i t e  u s e f u l  a n d  a 
s i g n i f i c a n t  p a r t  o f  t h e  r e s u l t s  o f  t h i s  w o r k .
I n  C h a p t e r  I I ,  t h e  t h e o r y  o f  t i g h t  b i n d i n g  i s  r e v i e w e d  a n d  t h e  
n e c e s s a r y  i n t e g r a l s  a r e  p r e s e n t e d .  T h e  me t h o d  u s e d  t o  o b t a i n  t h e
3c r y s t a l l i n e  p o t e n t i a l  is  shown as w e l l  as the c r y s t a l l i n e  p o t e n t i a l  
i t s e l f .
In Chapter  I I I ,  the necessary group t h e o ry  is  p resen ted  and an 
e x p la n a t i o n  o f  i t s  use in  t h i s  c a l c u l a t i o n  is  made. The symmetr ized 
com b ina t ions  o f  a tom ic  o r b i t a l s  were o b ta in e d  and are p resen ted .
In Chapter IV, the r e s u l t s  o f  an a ccu ra te  t i g h t  b in d in g  
c a l c u l a t i o n  on the co n du c t in g  s t a t e  o f  n i c k e l  s u l f i d e  are p resen ted .  
The energy bands a long  the l i n e s  and a t  the symmetry p o i n t s ,  the 
d e n s i t y  o f  s t a t e s ,  and the Fermi energy are  a l l  p resen ted  here.
In the l a s t  c h a p te r ,  a b r i e f  d is c u s s io n  o f  the  r e s u l t s  and 
c o n c lu s io n s  is made f o r  the  p re sen t  i n v e s t i g a t i o n .
CHAPTER I I 
A. THE TIGHT-BINDING METHOD
The t i g h t - b i n d i n g  o r  LCAO method has been t h o r o u g h ly  d is cu sse d  
by many a u th o rs .  They have g iv e n  t a b le s  o f  the m a t r i x  components 
o f  energy in  terms o f  th re e -a n d  su b se q u e n t ly  tw o -c e n te r  i n t e g r a l s  
f o r  the  c u b i c ^  and hexagonal c lo s e -p a c k e d  s t r u c t u r e s ^ '® ?  However, 
no one has p re sen te d  the  m a t r i x  e lements  f o r  the  n ic k e l  a rs e n id e  
s t r u c t u r e ,  wh ich  is the  s t r u c t u r e  t h a t  we are w o rk in g  w i t h  here .
The compound t o  wh ich  the  t i g h t - b i n d i n g  method w i l l  be a p p l i e d  
is  n i c k e l  s u l f i d e ,  a n i c k e l  a r s e n id e  s t r u c t u r e .
The n i c k e l  a rs e n id e  s t r u c t u r e  can be regarded as th e  s im p le  
hexagonal s t r u c t u r e  w i t h  a b a s is  o f  f o u r  atoms in  the u n i t  c e l l .
The p r i m i t i v e  t r a n s l a t i o n  v e c t o r s  w i t h  c a r t e s i a n  u n i t  v e c to r s
i , j  , k a re
11 ( / 3  i -  j )
t 2
t
The b a s is  v e c t o r s  a re
N i c ke 1
T. -  ( 0 , 0 , 0 )
r 2 -  <0 ,0 , * )
Sul f u r
t 3 -  ( 1/ 3 , 2/ 3 , 1A )
-  ( 2 / 3 , 1 / 3 , 3 A )
Where these f r a c t i o n s  are (17, £ ,  tp) d e f in e d  by 7)7 j + ^ t ^ , + tpt^ .
The m a t r i x  components o f  the energy were c a l c u l a t e d  to. J(.ates
o f  the f o l l o w i n g  symmetr ies: s ,  p [3  f u n c t i o n s  o f  the type x ,  y ,  z
2 2 2 2t imes f { r ) ]  and d [5 fu n c t i o n s  o f  the type xy ,  y z , x z , x -  y ,  3z -  r 
t imes f ( r ) ] .  There are fo u r  n o n -e q u iv a le n t  atoms in a u n i t  c e l l ,  f o r  
each s u l f u r  we co n s id e r  o n l y  the 3p type and, f o r  each n ic k e l  the 3d and 
4s ,  so th a t  we c o n s t r u c t  18 Bloch f u n c t i o n s .
The H a r t ree -F o ck  s e l f - c o n s i s t e n t - f i e I d  a tomic  wave fu n c t i o n s  fo r
3d, 4s n e u t ra l  s t a te  o f  the f re e  n i c k e l  atom and the 3p n e u t ra l  s ta te
o f  the f re e  s u l f u r  atom are used as the c o n s t i t u e n t s  o f  the Bloch sums.
A n a l y t i c  e xp ress ions  f o r  these fu n c t i o n s  are found in Tab les o f  Atomic
Funct ions by E n r ico  Clement i ^ * ^ .  The Bloch fu n c t i o n s  are then
( 12)c o n s t r u c te d  in  the usual manner as
* / 7* -  4 1 *■. i k .(R + T .) /■“* f* v
m 7S  £ '  v 1 W r - " v _Ti )
V
where N is  the  number o f  s i t e s  in  the c r y s t a l  and the summation is 
c a r r i e d  out over  a l l  N o f  these s i t e s .  To f i n d  the energy bands, the 
e ig h te e n  Bloch fu n c t i o n s  are used in  the s e c u la r  equa t ion
I H j  t (4) , -  E S , . (k )  . , , . I -  01 njfcmi, n ' i ' m ' j  n im i ,  n ' ^ ' m ' j  *
where H is  the o n e - e le c t r o n  H am i l to n ia n
H -  -  v 2 + V(7)
The m a t r i x  e lements are composed o f  the  o v e r la p ,  k i n e t i c  energy and 
p o t e n t i a l  energy i n t e g r a l s ,  which are r e s p e c t i v e l y :
Sn/mi X i ' m ' j  “  J"bnim**‘ , r , T l '  bn' i ' m '  r ’Tj *
■ « i k ' (Tj ‘ T i ) E . l k . R j ^ * jem( r - r | ) o n l l , ml( r -R  - r  ) d 3r
V J
i k - ( r . - T . )  y  i k • R , | R^v+Tj \
J ' S e  V ^ n i m  I « W ' m '  >v
T a i -  “  f b a ( k , ^ , T .)  [ - V 2]  b . . .  t ( k t r , r . ) d ^ rn im i  , n 1 jfc' m1 j  nAm * * ' ( /L J n ' / ' m '  ’ * j
-  e ' k ‘ ^Tj  T i^ S ' e i k R v (<p . ( r . ) | - v 2 jp , , ,  , (R +T.)>J ^nAm i 1 |Tn' , t 'm'  v Iv J
*  K i m ^ - 7 ' 7" ! 5 V ( r )  kn ' r , ' ( I ' ? ' Tj ) d i r
-  e ' k (Tj ' T l ) S  « ' k Rv <*>nlm( r . ) |  V(7)  |wn , x , ml (Rv* T j )>
The o v e r la p  i n t e g r a l s  are  o b t a in e d  by the  same method as the  
p o t e n t i a l  energy i n t e g r a l s ,  t h i s  is  e a s i l y  done because the  f i r s t  
te rm o f  the  F o u r ie r  expans ion  f o r  the  p o t e n t i a l  energy  is  a c o n s ta n t  
and hence the o v e r la p s  a re  de te rm ined  a u t o m a t i c a t 1y. The k i n e t i c  
energy  i n t e g r a l s  occu r  f r e q u e n t l y  in  m o le c u la r  p h y s ic s  and a c h e m is t r y
( 1 3 , I M S ,  16)depar tment  program was used t o  o b t a i n  th e se .  The p o t e n t i a l  energy  
i n t e g r a l s  are  f a r  more d i f f i c u l t  t o  e v a lu a te  and i t  i s  the  i n t r a c t ­
a b i l i t y  o f  these p o t e n t i a l  energy i n t e g r a l s  which  has h e r e t o f o r e  
imposed such d r a s t i c  a p p ro x im a t io n s  in a p p l y i n g  the  method o f  t i g h t -  
b i n d i n g .  L in  and La fon  have d ev ised  a scheme f o r  the e v a l u a t i o n  o f  
these p o t e n t i a l  i n t e g r a l s  u s in g  the  te ch n iq u e  o f  Gauss ian t r a n s ­
f o r m a t i o n ^ .  B e fo re  d i s c u s s in g  t h i s  te c h n iq u e  i t  i s  necessary  to  
o b t a i n  a c r y s t a l l i n e  p o t e n t i a l .
B . NICKEL- SULFIDE CRYSTALLINE POTENTIAL
The c r y s t a l l i n e  p o t e n t i a l  used to  fo rm the o n e - e l e c t r o n
H a m i l to n ia n  is  a s u p e r p o s i t i o n  o f  s p h e r i c a l l y  averaged a to m ic
p o t e n t i a l s .  S ince  the  c r y s t a l l i n e  p o t e n t i a l  i s  p e r i o d i c ,  i t  can be
re p re s e n te d  by a F o u r ie r  s e r ie s  t h a t  c o n ta in s  terms k « k . where kn ’ i
a re  v e c to r s  o f  the r e c ip r o c a l  l a t t i c e .  NiS has an i n v e r s i o n  c e n te r  
a t  the  Ni atom in the ce n te r  o f  the u n i t  c e l l  and t h e r e f o r e ,  the 
p o t e n t i a l  w i l l  c o n t a in  o n ly  co s in e  te rms.
V (7) -  £  V (k  ) c o s ( k  * r )  n n
To o b t a i n  the  F o u r ie r  c o e f f i c i e n t s  we do the  f o l l o w i n g ,
where is  the  u n i t  c e l l  volumeoo
k
where n ^ n ^ . n ^  a re  i n t e g e r s  and r e c i p r o c a l  l a t t i c e  v e c t o r s  a re :
E2 -  7? . (T + *
Then
v o
Where the  s u b s c r i p t  Nl r e f e r s  t o  n i c k e l  and S t o  s u l f u r .
In  each i n t e g r a l  we can make a change o f  v a r i a b l e s  and per fo rm  
the  sum over  v,  so th a t
■ r  *  . ' ' " J '  J v N i« - i 7 n - ^ r
o
- i f f  ( ^ n . + 8n/)+3n ) .r* ,  - i f f  . a *
+ « 5  1 2  3 / V s ( 7 ) e - ,kn r d3r + .  f (8n , ^ V 9n3)
J Vs(r)e ikn*^d3r] .
V (kn ) ■ [JV ( T j e - ^ n ’V r  + <- '>  Vv ( 7 ) . * ' ' V ?d3r
o
- i f f  - i f f  n? - i f f n |  - i f f ( n - - n  )
+ e 6 (^n^+^n^+Jn^ ) (e  3 e —3 [e  3
_  - \ V  r 1 “  i f f (n ,  - n j  n- _ jt? ,7  ,
Jvs(r)e n d r+e 3 ( - 1) PVs(r)e n d r]}] .
Th is  p o t e n t i a l  can be t r e a te d  c o n v e n ie n t l y  in  two p a r t s ,  one f o r
I I .  odd
. - i f f ( 6n +6n + 3 n J  i f f t n . - n , )  .7* -  ,
v(kn) -  - i  [e 5 1 2 3 { . 3  1 2 J v ( 7 ) . - " V rd3r
o
- i f f ( n  -n  ) _ _.r .7 3
-e 3 [Vs ( r ) e  n d r } ]
n n n3+1 
V( k n) - - J P  [ ( - l ) n ' ( - l ) n2 ( - l ) J T “  s i n  [ | ( n , - n 2) ]
o
(\j / “*\ _ ' k  - r d ^ r  | v s ( r ) e  n
To o b t a in  the F o j r t e r  c o e f f i c i e n t s ,  the o n l y  necessary  i n t e g r a l s  are
fv u • ( r ) e ' S i  f d^ r  and f  V ( r ) e  ' r d^r  *' N I 5
|li>« ( ^ < ) i 2 |ift- ( r*.) .2 [), ( r ) ,2
v (?) .  .  SS + 1, fr I i» ' 1  ♦ r : 2 » _ i i L - t  I ?» 1 I
N i r >'
» l ^ l V  ♦ | V 7 1>|2 ♦ | » i p<7 l ) | 2 + | V 7 . > | 2 ,3,. , v ( r )
|7-7, | ' «
Vs
( ? ) . .  1 2  ♦ ,, j c I * ' ? 17' 1 ! 2 ♦ i * 2s ( r i .>i 2 + i V .l i :
*  I 2 4- | 2 1+ 1 2P 1 1 + .1 I P  M  . 3 d3r + v (7)
I -* -* 1 I exr - r , |
Doing a s p h e r i c a l  average our  i n t e g r a l s  become (k^  1* 0)
J l  Ca|u,.Cr,l*
1 n' l knl
*  2|U2s( r ) | 2 + 2|U} J ( r ) | 2 *  | U ^ , ( r ) | 2 + 6 |U2p( r ) | 2 ♦  6 | u Jp( r ) | 2
,  - I k  *7 ,
+ 9 | U j d( f ) |  ] r sin  knrdr + |* V#j(( r ) d  n d r
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where the  U ( r )  is the  r a d i a l  p a r t  o f  the  C lemen t i  wave f u n c t i o n s .
T h is  means t h a t  we o n l y  need the  s in e  t r a n s fo r m  o f  these t o  o b t a in  
the f i r s t  p a r t  and the  exchange w i l l  be hand led  s e p a r a t e l y .  A l s o ,
JVs (?) e " k" ' r dJr -  -  *  i ®  f  [ 2 | u i 5 ( r ) | *  ♦ 2 1 U2$ ( 0  I 2
i v  i kn i
+ 6 l U2p ^r ^ 2 + 2 l U3 s ^ r ) | 2 + M % ( r ) f 2>  s i n  kn r d r  + J ^ e x ^ e "  d^ r
These i n t e g r a l s  were programmed and the  c o e f f i e i e n t s  a re  genera ted
a u t o m a t i c a l l y .  We must do one more t h i n g ,  and t h a t  is  t o  e v a lu a te
the  F o u r ie r  c o e f f i c i e n t  f o r  k -  0.  To do t h i s  f o r  smal l  k , we
"  <k n r >3s im p ly  expand the  s in e  as ( k n r  ^------  + . . . )  and take  the  l i m i t  as
k -* 0 . n
1 %  U V ' - l e ' " 1"
n n
+ 6 | u 2p ( r ) | 2 ^  2 | u 3s ( r ) | 2 *  6 |U 3p ( r ) | 2 ♦ 9 |U 3d < r ) | 2 + | u ^ ( r ) | 2 ]
** i
[ ‘  ^  *  0 ( k 2) ] d r
’  *  ^  [ 2 lu ls<r ) | 2 + 2 lu2s( r ) ! 2 + 6 IU2p( r > !2 *  2 | 0 j sC r ) | 2
+ 6 |U3p ( r ) | 2 ♦  9 |UJ d ( r ) | 2 + |U ^ s ( r ) (2] r <*dr 
-  i £  . r
^ . ( r )  *  n d ^ r ]  ■ - 117.6601 ( n e g l e c t i n g  exchange) ,
n
And s i m i l a r l y  f o r  s u l f u r  
i t  -  I k  * r  _
k -O J V 75*  n d r  " “ ' ^ 5 .0816  ( n e g l e c t i n g  exchange) ,  
n
11 
I / 3
The exchange p o t e n t i a l s  are  c a l c u l a t e d  s e p a r a te l y  u s in g  a p
a p p ro x im a t io n .  The F o u r i e r  c o e f f i c i e n t s  a re  o b ta in e d  by summing a
charge d e n s i t y  in the  c e n t r a l  c e l l  due t o  the  f i r s t  n in e  n e ig h b o rs ,
1 /3making a hexagonal harmonic  expans ion  o f  p  about each atom and
i n t e g r a t i n g  ove r  the  a tom ic  spheres .  Now t h a t  the  p o t e n t i a l  has been
o b ta in e d ,  the  Gaussian t r a n s f o r m a t  ion may be d is cu sse d .
C. GAUSSIAN TRANSFORMATION
Us ing  the  Gauss ian t r a n s f o r m a t i o n  the  i n t e g r a l  o f  V ( r )  between 
two Is  o r b i t a l s  s i t u a t e d  a t  p o i n t s  A and B is
< ls (A )  |v(r) | 1 s(B) ) ■ S V (k  ) < ]s (A )  I cos V. -"r I l s (B )>
n n n c '
Upon e x p re s s in g  the Is  o r b i t a l s  in a Lap lace  t r a n s f o r m a t i o n  as
2t * , r 0 ry, 00 -a,
*  ■ 2 7 S /  s i "  e* p ( 5TT " V i ) d s i
O I
- « 2 r B
and a s i m i l a r  e x p r e s s io n  f o r  e , we have
a , ®  _cr, a ,
<1s ( A ) |  cos kn - r c j l s (B )>  -  J (s,s2) e * p (  *  j j p )
o 1 2
x [ J  e x p ( - S j r A -  s2 r 0 ) c o s ( k n - r c) d  r ] d s | ds2 .
The p ro d u c t  o f  two Gaussians s i t u a t e d  a t  c e n te r s  A and B is  p r o p o r t i o n a l  
t o  a t h i r d  Gaussian s i t u a t e d  a t  a p o i n t  0 a lo n g  the  l i n e  AB,
e x p ( - s l r A -  s2r£)  ■ exp[ « P t - ( S|« 2) r ^ ]
where r . _  Is th e  d is t a n c e  between th e  two c e n t e r s ,  and r Is  the  r a d iu s  
AB u
v e c t o r  o r i g i n a t e d  f rom  D, The c o o r d in a te s  o f  D a re  r e l a t e d  t o  those 
o f  A and B by
12
.  ( s l A i + S2® |)  .
Di *  S| V , 2' . 1 -  x.V-1 •
Wr i t  i ng
r c "  r D + r cO 
we can p e r fo rm  the s p a c ia l  i n t e g r a l
2
J’. x p ( - s | rA- s 2 r B) c o s ( k n .? c ) d 3 r  -  • x p C (s | + ^ ) B] U o s ( k r i -7c0)
x J ' e x p [ - ( s ] + s2) r 0 ]  c o s ( k n - r D)d  r  -  s i n ( k n - f cD) J e x p [ - ( s , + s 2) r D]  s i n
s i n ( k n - r D) d 3 r } .
2 2 3 /2  -s  s r  * - k
‘ c W 7 ? 1 exp c r . , S ) ]  C05< ' ' ' 7 cd) exp [
By means o f  the  s u b s t i t u t i o n  
Z -  s , * s 2 
S1
U -  — i —  
s l 2
f  -  U ( l - U ) r BB
2 2
.2  a 2 f f l
3 *  k„ + T P u T  + “
T h is  can be s i m p l i f i e d  i n t o
yiPttiOf- i • I / ?
<is(A)| cos k n * r c | 1 s(B) > * —   J [U(l-U)] c o s ( k n - r c0) dU
o
CD
X f  Z" 7 /2  e x p ( - f z  -  £ - )  dz 
o *
1
-  2Wy,0f2 r^B f f [  --------------- + —2— r  +  exp[ - ( f g ) * ]
1 2 AB J o ( , f l)5 /2  ( f g) ( fg)
x co s (k  *7 _.)du n cD
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which is  then e a s i l y  e va lu a te d  by numer ica l  methods. The p o t e n t i a l
i n t e g r a l s  f o r  s,  px , p p ^  3d 3d 2 2 , 3d and 3d 2 %
x - y  ' 3z - r
can be o b ta in e d  from the  above by p e r fo rm in g  the p rope r  p a r t i a l
d i f  f e r e n t ^ t  ions w i t h  respect  t o  <y, . a , .  A , A , A , B . B . B . eq .f 2 ' x y z x y 2
< 2s (A ) |  cos k *7 j ls (B)>  -  JY e 1 A co s (k  * r  )e  2 Bd3r .n c  ^ H n c
.  _ -JL. (1 s ( S) | c o s ( k n . ; c ) |  l s {B )>
( 2px (A) |  c o s ( * V ^ c ) |  I s ( B)> “  , fxAe ' *  co9 ^ V * V e 2 Bt|3r
< * s ( A , | c o s ( k n - r c )| , , ( . ) > ] .
The most d i f f i c u l t  o f  these are the  3d - 3d t y p e ,  and the r e s u l t s  f o r  
these types are p resen ted  in  re fe re n c e  (19) .  A f t e r  do ing  severa l  o f  
the necessary  d e r i v a t i o n s  f o r  the remain ing  i n t e g r a l s ,  a re c u rs io n  
r e l a t i o n  was o b ta in e d  t h a t  genera tes a l l  a d d i t i o n a l  i n t e g r a l s  th a t  
can be generated by an a lpha  d e r i v a t i v e .  T h is  i s  i f  one o b ta in s  a 
< l s ( A ) j  cos ' r  c f l s (B ) >  , he can genera te  a l l  the r e s t  o f  the s -  s
type i n t e g r a l s ,  i f  he o b ta in s  a ( l s { A ) |  cos k ^ - r c [ 2P ^(B ) ) , he can
gene ra te  a l l  the remain ing  s -  p^ type i n t e g r a l s ,  e t c .  The ( s - s )  , 
( s - p ) ,  ( p - p ) , ( s - d ) , (p -d )  , and (d -d )  i n t e g r a l s  have a s i m i l a r  fo rm, 
and t h i s  is  i f  I is  the i n t e g r a l ,
1 -  a A ( + b A^ + c A j
where A j , A2 , A ^ , . . .  a re  shown in Appendix A and re fe re n c e  (19 ) .  The 
re c u rs io n  r e l a t i o n  f o r  an a lpha  one d e r i v a t i v e  Is :
Apply th is  again we ob ta in
2 2 2
-  l a  * 1  a v  a t b n \ c- S - y  ) -  * L  A (3b .  I } A ( 3c .  1 } 1
^ 2  u Z u  2 3 u 2 i* 2 5dCKj u u u
And f i n a l l y  the  t h i r d  d e r i v a t i v e  is
3
.  /Jfe_ .  I f i f )  A .  ( 3 c . .  *  Z l ! )  A
« l  2 <l«1 u2 ’ 3 'uo, u2 u3 *
3 36 a .c  or b ct, c
-  - f  + - V >  * 5  ♦ - T -  A6 ■
U U U
With th is  formula and the in formation contained in references one and 
nineteen .  The only  remaining in teg ra l  formulas that  are necessary are  
those contained in appendix A, and these are  the (2p-3d)  and ( l s -3 d )  
types. This  concludes the discussion and a p p l ic a t io n  of  the method.
CHAPTER I I I 
Group Theory
N ic k e l  s u l f i d e  is  a n i c k e l  a r s e n id e  s t r u c t u r e ,  and t h i s
I4
s t r u c t u r e  is  c h a r a c t e r i z e d  by the  Dg^ space group.  T h is  space group 
is nonsymmorph i c , which means t h a t  we have o p e r a t i o n s  in  the group 
which are  not pure  r o t a t i o n s  bu t  r o t a t i o n s  p lu s  a non p r i m i t i v e  
t r a n s  W ion .
We s h a l l  d is c u s s  b r i e f l y  how group t h e o ry  h e lp s  us o b ta in
s o l u t i o n s  $  t o  the  o n e - e l e c t r o n  e q u a t io n  -  E0. The use o f  group
t h e o ry  is  based on the  f a c t  t h a t  th e r e  e x i s t  symmetry o p e r a t i o n s
which leave th e  H a m i l to n ia n  i n v a r i a n t .  As an example o f  what is
meant by i n v a r i a n t ,  c o n s id e r  the  o p e r a t i o n  r 1 ■ Xr where X is one o f
Z*
the symmetry o p e r a t i o n s  f o r  the space group Dg^ . Using t h i s  on the
H a m i l t o n ia n  we see t h a t  the  form o f  the H a m i l t o n ia n  is  u n a l t e r e d ,
H ( r )  -  H ( r ' ) ,  Let 0 ( r )  be a s o l u t i o n  f o r  the  e q u a t io n  H ^ ( r )  -  E 0 ( r ) ,
O p e ra t in g  w i t h  X we o b t a i n  H ( r ' ) 0 ( r ' )  ■ E^ 1 { r ' )  so t h a t  $ ' ( r ' )  is  an
e i g e n f u n c t i o n  w i t h  the  same e ig e n v a lu e  as the  f u n c t i o n  0 ( r ) .  In  o th e r
words the  symmetry o p e r a t i o n s  X commute w i t h  H so t h a t  e i g e n f u n c t i o n s
may be chosen wh ich  a re  s im u l taneous  e ig e n f u n c t i o n s  o f  both  X and H.
The e xa c t  b e h a v io r  o f  the  e ig e n f u n c t i o n s  under the  o p e r a t i o n s  X may
be o b ta in e d  from the  t h e o ry  o f  group r e p r e s e n t a t i o n s .  We s h a l l  no t
cover  t h i s  in  d e t a i l  as the s u b je c t  is  covered  in  s e ve ra l  books 
20(Fal icov  1966). S t a r t i n g  w i t h  any e i g e n f u n c t i o n  o f  the H a m i l t o n ia n  
w i t h  energy  Et and o p e r a t i n g  on t h i s  e i g e n f u n c t i o n  w i t h  the  N symmetry 
o p e r a t i o n s  X we o b t a in  a t o t a l  o f  N f u n c t i o n s  which  have the same 
e ig e n v a lu e .  These f u n c t i o n s  may no t  be l i n e a r i l y  independent and
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we use r e p r e s e n t a t i o n  th e o ry  t o  f i n d  c e r t a i n  l i n e a r  co m b in a t io n s  o f  
the f u n c t i o n s  w h ich  fo rm B loch  f u n c t i o n s  w i t h  s p e c i f i e d  t r a n s f o r m a t i o n  
p r o p e r t  i e s ,
The se t  o f  N f u n c t i o n s  which  have been genera ted  form the r e g u la r  
r e p r e s e n t a t i o n .  Let the  N f u n c t i o n s  be components o f  an N d im ens iona l  
v e c t o r  in  a f u n c t i o n  space. I t  is  a genera l  r e s u l t  o f  group t h e o ry  
t h a t  the  t r a n s f o r m a t i o n  in  f u n c t i o n  space is  in v e rs e  t o  the t r a n s ­
f o r m a t i o n  in the  c o o r d in a te  space. That is  X f ( r ) -  f ( X * r ) .  Because 
our  v e c t o r  a l r e a d y  c o n ta in s  a l l  th e  f u n c t i o n s  which may a r i s e  ou t  o f  
syi.vnetry o p e r a t i o n s ,  the  r e s u l t  o f  X on the  v e c t o r  can m e re ly  permute 
th e  o rd e r  { f o r  a one d im ens iona l  r e p r e s e n t a t i o n )  o r  form l i n e a r  
c o m b in a t io n s  (d e ge n e ra te  r e p r e s e n t a t i o n s ) , The e f f e c t  o f  the  
o p e r a t i o n  X on th e  v e c t o r  can be re p re s e n te d  by a m a t r i x  D(X) where 
the  m a t r i x  D(X) w i l l  in  gene ra l  c o n t a in  n o n -ze ro  d iagona l  and o f f -  
d ia g o n a l  e lem en ts .  We form a t o t a l  o f  N m a t r i c e s  in t h i s  manner and 
they  are  s a id  t o  re p re se n t  th e  group o f  o p e r a t i o n s  X i f  the  p ro d u c ts  
o f  o p e r a t i o n s  co r resp o n d  to  the  p ro d u c ts  o f  the  m a t r i c e s .  The r e g u l a r  
r e p r e s e n t a t i o n  R is  s a id  t o  be r e d u c i b l e  i f  the  same u n i t a r y  t r a n s ­
f o r m a t io n  can be used t o  b r i n g  each o f  th e  N m a t r i c e s  i n t o  a b l o c k  
d ia gona l  form. I f  the  p a r t i t i o n i n g  i n t o  b lo c k  d ia gona l  fo rm is  
independent o f  the  p a r t i c u l a r  o p e r a t i o n  o f  X used and can be reduced 
no f u r t h e r ,  the  m a t r i c e s  are  s a id  t o  be a d i r e c t  sum o f  su b m a t r ic e s .
In an analogous f a s h io n  the  r e g u l a r  r e p r e s e n t a t i o n  Is  s a id  t o  be
decomposed I n t o  i t s  i r r e d u c i b l e  r e p r e s e n t a t i o n s  and may be w r i t t e n
.1 _ 2 _ mR -  e.R +a-R + . . .+a R 1 L m
where th e  a j ' *  i n d i c a t e  how many t im es  a p a r t i c u l a r  i r r e d u c i b l e
r e p r e s e n t a t i o n  appears  in the d e co m p o s i t io n  o f  th e  r e g u la r  
r e p re s e n ta t  ion .
For i l l u s t r a t i o n ,  suppose t h a t  N » 6 and t h a t  we have a 1 ,2 ,  
and 3 d imens iona l  i r r e d u c i b l e  r e p r e s e n t a t i o n  each o c c u r in g  once.
Each o f  the  s i x  m a t r i c e s  w i l l  then appear in  the  b lo c k  d ia g o n a l  form 
a o o o o o
o a a o o o
o a a o o o
o o o a a a
o o o a a a
o o o a a a
The s i x  d im ens iona l  f u n c t i o n  v e c to r  may be d i v i d e d  i n t o  i n v a r i a n t  
subspaces c o r re s p o n d in g  t o  the b lo c k  d ia g o n a l  fo rm o f  the  m a t r i c e s .
We have ( f j | f 2 * 3 I f ° r  th #  Pa r t * t ' o n ' n9 the  components o f  
the v e c t o r .  The r e p r e s e n t a t i o n  R i s  then w r i t t e n  in  a d i r e c t  sum
1 2 3R .  r 1 +  R +  R
Suppose we a re  i n t e r e s t e d  in  a B loch  f u n c t i o n  which t r a n s fo rm s
2
a c c o rd in g  t o  the  R r e p r e s e n t a t i o n  o f  o u r  example. We need be 
concerned o n l y  w i t h  the s u b m at r ice s  and the  f u n c t i o n s  f j  wh ich  be long 
t o  t h i s  i r r e d u c i b l e  r e p r e s e n t a t i o n .  For our  example we would  need to  
s o lv e  a 2 x 2 s e c u la r  d e te rm in a n t  r a t h e r  than the 6 x 6 d e te rm in a n t  
a s s o c ia te d  w i t h  the  r e g u l a r  r e p r e s e n t a t i o n .
M a th e m a t i c a l l y  the  above d i s c u s s io n  i n v o lv e s  the  idea o f  
o r t h o g o n a l i t y  o f  group r e p r e s e n t a t i o n s .  We s h a l l  s t a t e  the  main 
ideas w i t h o u t  p r o o f .  F i r s t  the  H a m i l t o n ia n  is  i n v a r i a n t  under the  
space group X and hence i s  o r th o g o n a l  w i t h  re sp e c t  t o  the  d i f f e r e n t
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i r r e d u c i b l e  r e p r e s e n t a t i o n s ,  and second the f u n c t i o n s  f .  fo rm a b a s is  
f o r  the  i r r e d u c i b l e  r e p r e s e n t a t i o n s  and are  o th o g o n a l .
The s e c u la r  d e te rm in a n t  can be s i m p l i f i e d  in  accordance w i t h  
the above d i s c u s s i o n .  A t y p i c a l  m a t r i x  e lement  is
H a i * m Pb . ( k , r , T . )  H b , ( k , r , r , ) d ^ rn & n i . n ' i ' m ' j  J nAm * * i n ' / ' m ’ ' j
wh ich  can be w r i t t e n  as
HP? -  r f p’ h fP  d3 r St J s t
The n o t a t i o n  is t h a t  f ^  is  the s th  f u n c t i o n  b e lo n g in g  t o  the  p th
i r r e d u c i b l e  r c p r e s e n l a t i o n  and f ^  is  the  t t h  f u n c t i o n  b e lo n g in g  to
the  q th  i r r e d u c i b l e  r e p r e s e n t a t i o n .  A p p ly i n g  the  o r t h o g o n a l i t y
c o n d i t i o n  we have t h a t  - 0  i f  e i t h e r  q i* p o r  s ^  t .  The nons t
ze ro  case w i t h  s -  t  and p -  q y i e l d s
H -  i  E  hPP
ss q t  t l
where the sum is  ove r  a i l  f u n c t i o n s  b e lo n g in g  to  the  q th  i r r e d u c i b l e  
r e p r e s e n t a t i o n .  T h is  e q u a t io n  must h o ld  f o r  a l l  s b e lo n g in g  to  the  
q th  i r r e d u c i b l e  r e p r e s e n t a t i o n .  Thus f o r  degenerate  r e p r e s e n t a t i o n s  
o f  d imens ion  d the  terms Hss must a l l  be e q u a l .q qq
The energy  band prob lem in v o lv e s  expand ing  in terms o f  
symmetr ized com b in a t io ns  o f  a tom ic  o r b i t a l s  (SCAO) combined in  such 
a manner as t o  be long  t o  the qth  r e p r e s e n t a t i o n  o f  i n t e r e s t  f o r  a 
wave v e c t o r  k. The n i c k e l  a r s e n id e  l a t t i c e  possesses g l i d e  p lanes  
and screw a x i s  as symmetry o p e r a t i o n s  and is  a nonsymmorphic space 
group as a l r e a d y  ment ioned .  These f e a tu r e s  cause th e  symmetry 
o p e r a t i o n s  t o  c o n s i s t  o f  r o t a t i o n s  coup led  w i t h  n o n - p r i m i t i v e  
t r a n s l a t i o n s .  From th e  s ta n d p o in t  o f  the  c l a s s i f i c a t i o n  o f  the
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e l e c t r o n i c  s t a t e s  o f  a c r y s t a l ,  the  most s i g n i f i c a n t  d i s t i n c t i o n  is  
n o t  whether  th e re  is more than one atom per  u n i t  c e l l  bu t  is whether  
o r  no t  the symmetry o p e r a t i o n s  in c lu d e  n o n - p r i m i t i v e  t r a n s l a t i o n s  as
a consequence o f  screw o r  g l i d e  d is p la c e m e n t .
The space group t h e o ry  f o r  the n i c k e l  a r s e n id e  l a t t i c e  is  bes t  
d iscu sse d  in terms o f  the  f a c t o r  group and cose t  expans ions .  C ons ider  
f i r s t  the  a lg e b ra  f o r  space group o p e r a t i o n s  ( o f t )  which are in tended  
t o  re p re se n t  the  c o o r d in a te  t r a n s f o r m a t i o n  x '  ■ (vx + t  where ^  i s  a 
m a t r i x  f o r  a p ro p e r  o r  improper r o t a t i o n  and t  is a t r a n s l a t i o n  v e c t o r  
which need n o t  be p r i m i t i v e .  The a lg e b ra  f o r  these o p e r a t i o n s  is  
seen t o  be as f o l l o w s  f o r  a p ro d u c t  o f  two o p e r a t i o n s  and the inve rse  
o f  an o p e r a t i o n
( a 111' )  (o f | t )  -  ( a ' a j a ' t  + t ' )
(a j  t )  1 -  (a  11 - a  11 )
O p e ra to rs  o f  t h i s  fo rm co r resp o n d  to  l i n e a r  c o o r d in a te  t r a n s f o r m a t i o n s
and may be formed i n t o  g roups .  S ince  we have l i m i t e d  o u rs e l v e s  to
o n l y  p rope r  and improper th re e  d im ens iona l  r o t a t i o n s  which  are  
p resen ted  by re a l  o r th o g o n a l  m a t r i c e s ,  the  r o t a t i o n a l  p a r t s  o f  th e  
o p e r a t i o n s  themse lves  fo rm a group .
An im p o r ta n t  p r o p e r t y  t h a t  we s h a l l  use Is t h a t  the  se t  o f  a l l  
pure t r a n s l a t i o n s  ( e f Rn) where e is  the  i d e n t i t y  and is  a p r i m i t i v e  
v e c t o r ,  forms an i n v a r i a n t  subgroup.  From the d e f i n i t i o n  o f  an 
i n v a r i a n t  subgroup we r e q u i r e  t h a t  a l l  e lements  c o n ju g a te  t o  a pure  
t r a n s l a t i o n  must themse lves  be pure t r a n s l a t i o n s .  T ak ing  an a r b i t r a r y  
e lement  ( a j t )  where t  need no t  be p r i m i t i v e  we have the  f o l l o w i n g
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(or 1 | -Of 11) Cc | Rr ) (o'J t )  -  ( f |a r f tn)
Since OfR^  is  i t s e l f  a p r i m i t i v e  t r a n s l a t i o n ,  we have shown th a t  the  
se t  o f  pure t r a n s l a t i o n s  fo rm an i n v a r i a n t  subgroup. T h is  r e s u l t  in 
a d d i t i o n  t o  the  f a c t  t h a t  the r o t a t i o n  p a r t s  o f  the o p e r a to r s  
co r respond  t o  re a l  o r th o g o n a l  m a t r i c e s  is  s u f f i c i e n t  t o  c h a r a c t e r i z e  
space groups.  In terms o f  the  a lg e b ra  f o r  these  o p e r a t o r s ,  an 
a r b i t r a r y  e lement may be w r i t t e n  as a p r o d u c t ,
(o r ( « ) + R nJ -  ( a | r ( a j )  (e |R n)
where Rn is  a p r i m i t i v e  l a t t i c e  t r a n s l a t i o n  and r(o() is e i t h e r  ze ro  
o r  a n o n - p r i m i t i v e  t r a n s l a t i o n .  Space groups are  g e n e r a l l y  d i v i d e d  
i n t o  two c l a s s e s ,  symmorphic and non-symmorph ic . For symmorphic 
groups the  n o n - p r i m i t i v e  t r a n s l a t i o n  r (c t )  is  ze ro  f o r  a l l  a .  In t h i s  
case the  o p e r a t i o n s  ( a | 0 ) c o n s t i t u t e  a group which is  isom orph ic  w i t h  
the  p o in t  group. Symmorphic groups are  s a id  t o  c o n t a in  the  e n t i r e  
p o i n t  group as a subgroup.
For non-symmorphic groups such as a s s o c ia te d  w i t h  the  n i c k e l  
a r s e n id e  l a t t i c e ,  t h e r e  w i l t  be a t  l e a s t  one a  f o r  which t ( « )  is  not 
ze ro .  T h e r e fo re  the p o in t  group is  no t  a subgroup o f  th e  space g roup .  
For non-symmorphic groups i t  is  cus tomary  t o  fo rm what is  c a l l e d  a 
f a c t o r  g roup .  The f a c t o r  group is isom orph ic  w i t h  the  p o i n t  group 
a s s o c ia te d  w i t h  the r o t a t i o n a l  p a r t s  o f  the o p e r a to r s  (a |  t ) .
We express  th e  group in terms o f  an expans ion  in  l e f t  c o s e ts .  
C ons ider  an e lement (or| [ 11) o f  the  group which is  no t  a pure 
t r a n s l a t i o n .  We form a l e f t  cose t  o f  the  group w i t h  r e s p e c t  t o  the  
subgroup o f  pu re  t r a n s l a t i o n s  (X) by c o n s id e r in g  th e  f o l l o w i n g  
ensemble o f  e lemen ts
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{nr, | t , )  (X) -  ( r v j  t | ) (X) t X2 , . . . )
The sequence o f  e lements  g iv e n  above is  r e f e r r e d  to  as a l e f t  cose t  
w i t h  re sp e c t  t o  ( X ) , We nex t  c o n s id e r  an e lement o f  th e  group not 
c o n ta in e d  in the  above cose t  o r  in the subgroup { X) .  With t h i s  
e lement we form a second l e f t  c o s e t .  T h is  p rocess  is c o n t in u e d  u n t i l  
the expans ion  o f  the group in l e f t  cosets is  com p le te .  I f  g is  the  
o rd e r  o f  the group and n is  the  o rd e r  o f  (X) we w i l l  gene ra te  g /n  l e f t
c o s e ts .  The group is  then
group -  (X) + ( « , | t , ) ( X )  + (« 2 | t 2) (X)+ .  . . + (orq | t q) (X)
wrtiere q ■ g /n .  T h is  may be w r i t t e n  in  terms o f  the  f a c t o r  g roup ,
group -  [ ( E ) ,  (flr, 11,)  , (nr2 112)  (a q I t q) ] (X)
where the te rm in the b ra c k e t s  is the  f a c t o r  group.
We w ish  t o  a p p ly  t h e o ry  t o  the g e n e r a t i o n  o f  symmetr ized 
com b in a t io ns  o f  a to m ic  o r b i t a l s  wh ich  t r a n s fo r m  a c c o rd in g  t o  the 
i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  i n t e r e s t  a lo n g  symmetry axes and a t  
symmetry p o i n t s .  The SCAO a re  most e a s i l y  o b ta in e d  by the p r o j e c t i o n  
o p e r a to r  te c h n iq u e  a p p l i e d  t o  a to m ic  o r b i t a l s .  The fundamenta l 
o p e r a t i o n  is
fP -  E r  ( R . ) *  R .# . 
j t  R j  p i j Jt  r
The o p e r a to r s  R. a re  the  o p e r a to r s  o f  the  group .  The q u a n t i t i e s
T ( R . ) . „  o re  the  m a t r i x  e lements  o f  t h i s  o p e r a to r  between the  j t h  and
P • j £
1th  b a s is  f u n c t i o n s  f o r  an i r r e d u c i b l e  r e p r e s e n t a t i o n  denoted by the  
s u b s c r i p t  p. R.^j i s  the  r e s u l t  o f  the group o p e r a t i o n s  on $  the 
a tom ic  o r b i t a l .  The t r a n s f o r m a t i o n  o p e r a to r  R. a s s o c ia te d  w i t h  the  
symmetry t r a n s f o r m a t i o n  Is  d e f i n e d  by the f o l l o w i n g  o p e r a t o r  e q u a t io n
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R ,^ (x )  -  0 ( R . *x)
where i t  must be emphasized t h a t  the  o p e r a to r  a c ts  upon the c o o r d in a te s
are  found in  Appendix  3 o f  r e fe re n c e  22. The symmetr ized com b in a t io ns  
o f  a tom ic  o r b i t a l s  a re  found in Append ix  B o f  t h i s  t h e s i s .  I t  shou ld  
be p o in te d  t h a t  these SCAO are  e s s e n t i a l  in  the  c l a s s i f i c a t i o n s  o f  the 
e l e c t r o n  s t a t e s ,  as w e l l  as do ing  a b lo c k  d ia g o n a l  i z a t i o n  o f  the 
m atr  i c e s .
We made a n o th e r  use o f  the  group th e o ry  to  reduce the  number o f  
i n t e g r a l s  a f t e r  the  th re e  c e n te re d  i n t e g r a l s  were o b t a in e d ,  we aga in  
used t h i s  v e r y  s im p le  te ch n iq u e  t o  c o n s t r u c t  the m a t r i x  e lements .
T h is  te ch n iq u e  makes use o f  r o t a t i n g  the  i n t e g r a l s  from one l a t t i c e  
p o i n t  to  a n o th e r  as f o l l o w s .
Suppose we have e v a lu a te d  the f o l l o w i n g  i n t e g r a l :
And suppose we s e le c t  the  r o t a t i o n  o p e r a to r  Y^. Making use o f  the
x and not on the argument o f  *[> , The m a t r i x  e lements  T (R . )  f o r
p i ohP '
E
f a c t  t h a t  Y j  ■ Y^* •  , we may a l s o  w r i t e  t h a t
Y^'  HY2 -  H
and
E
* 3
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These types o f  r e l a t i o n s  d r a s t i c a l l y  reduce the  number o f  i n t e g r a l s  
t h a t  a re  necessa ry .  T h is  conc ludes  the  c h a p te r  on group t h e o ry
f o r  ° 6 h  •
CHAPTER IV 
RESULTS
A. Energy Bands
The energy  bands were c a l c u l a t e d  by s o l v i n g  an 18 x 18 s e c u la r
e q u a t io n  w i t h  the  B lo c k  f u n c t i o n s  as b a s i s .  A l l  summations (ove r  the
l a t t i c e  s i t e s )  in  the  m a t r i x  were c a r r i e d  t o  convergence.  Convergence
was o b ta in e d  when an a d d i t i o n  o f  a n o th e r  n e ig h b o r  d i d  no t  e f f e c t  the
f o u r t h  decimal p la c e  in  th e  energy  e ig e n v a lu e s  o f  th e  H a m i l t o n ia n
m a t r i x .  (These e ig e n v a lu e s  were in  Rydbergs) .  The c a l c u l a t i o n s  were
per fo rm ed  f o r  the  f o l l o w i n g  va lues  o f  the  l a t t i c e  c o n s ta n ts  a » 6 , 506**
and c ■ 10.046 a . u . ,  w h ich  were o b ta in e d  f rom  re fe r e n c e  3. The
1 / 3exchange p o t e n t i a l  was c o n s t r u c t e d  u s in g  th e  s tanda rd  s l a t e r  p
p rocedu re  and a m u l t i p l i c a t i v e  f a c t o r  o f  X was in t r o d u c e d  t o  be used
to  a d j u s t  the  exchange p o t e n t i a l  t o  i n v e s t i g a t e  the e f f e c t  o f  exchange
on the  energy  bands. Two v a lu e s  o f  X were i n v e s t i g a t e d ,  X ■ 1, 0
( t h e  f u l l  S l a t e r  exchange) and X *  0 .8 5  ( t h e  v a lu e  t h a t  C a l law ay  and
(23)Zhang found gave good r e s u l t s  in n i c k e l  , A t y p i c a l  H a m i l t o n ia n  
m a t r i x  e lement t h e r e f o r e  c o n ta in e d  th e  f o l l o w i n g :
H *  k i n e t i c  energy  + c r y s t a l l i n e  p o t e n t i a l  + X (exchange 
p o t e n t i a l ) .  Each o f  these terms was f u l l y  d is c u s s e d  In Chapter  I I ,
The c a l c u l a t e d  energy  bands f o r  bo th  v a lu e s  o f  X showed the  
f o l l o w i n g  r e s u l t :  t h e r e  was a bond ing s -p  band, I"*, l o c a t e d  below
the d - l i k e  bands and in  the  m id d le  o f  the  p-1 ike bands. As k 
inc reases  in  the  B r i l l o u i n  zone t h i s  s -p  bond ing  band sweeps up and 
t r i e s  t o  c ro s s  th e  d - l  ike bands. The r e s u l t  o f  t h i s  was t h a t  the 
energy  bands f o r  n i c k e l  s u l f i d e  a re  s i m i l a r  t o  the  energy  bands
2k
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found In any good hexagonal c o n d u c to r  t h a t  has bo th  s and d bands,
e xcep t  t h a t  w i t h  f o u r  atoms in  a u n i t  c e l l  t h e re  a re  more bands 
(2k)p r e s e n t .  From t h i s  c a l c u l a t i o n  n i c k e l  s u l f i d e  wou ld  be co n s id e re d
a good c o n d u c to r ,  the  r e s u l t  which was a n t i c i p a t e d .  S ince  con­
d u c t i v i t y  p r o p e r t i e s  o f  NiS are  c r i t i c a l l y  dependent upon the r e l a t i v e  
p o s i t i o n s  o f  the  s and p bands, d i f f e r e n t  va lu e s  o f  exchange were 
used t o  compare r e l a t i v e  p o s i t i o n s .  For the  va lu e s  o f  X used in  t h i s  
c a l c u l a t i o n  the  same type  s-p  c o n d u c t i v i t y  was o b ta in e d .
To examine the  e f f e c t  o f  the  c o r e ,  a l l  the n i c k e l  s - s t a t e s  were 
added t o  th e  c a l c u l a t i o n .  T h is  inc re a se d  the s e c u la r  e q u a t io n  t o  
2k x 2k.  The s u t f u r  s - s t a t e s  were not c o n s id e re d  nor  were the  n i c k e l  
p - s t a t e s .  The n i c k e l  p - s t a t e s  do no t  mix w i t h  the  n i c k e l  s - s t a t e s  a t  
T and are  more than 78ev be low the s u l f u r  p - s t a t e s ,  and, based upon 
the  r e s u l t s ,  these w i t h  n i c k e l  s - s t a t e s  can p ro b a b ly  be n e g le c te d .
The s u l f u r  s - s t a t e s  do mix w i t h  th e  s -p  bond ing  band r j " ,  b u t  were n o t  
in c lu d e d  In t h i s  c a l c u l a t i o n  due t o  the  e x c e s s iv e  computer  t ime 
r e q u i r e d ,  A s id e  f rom  u n c e r t a i n t i e s  in  th e  exchange p o t e n t i a l ,  t h i s  
p r o b a b ly  i s  the  l a r g e s t  sou rce  o f  e r r o r  in t h i s  c a l c u l a t i o n .
T h is  e r r o r  can be e s t im a te d  by u s in g  second o rd e r  p e r t u r b a t i o n  
t h e o r y .  Such a c a l c u l a t i o n  was pe r fo rm ed  and the  r e s u l t  was t h a t  
t h i s  e r r o r  would  be o f  th e  o r d e r  o f  0 .15  Rydbergs a t  the  T p o i n t .
T h is  e r r o r  i s  termed th e  maximum e r r o r  f o r  the band s t r u c t u r e  
p re sen te d  here  and t h i s  i s  no t  l a r g e  enough t o  change the  genera l  
s t r u c t u r e  o f  the  energy bands. For t h i s  reason we f e e l  t h a t  both  
the  shape and p o s i t i o n  w i l l  n o t  be a l t e r e d .  The second o rd e r  
p e r t u r b a t i o n  e s t im a te  was o b ta in e d  by comput ing  the  n i c k e l - 3s 
s u l f u r  th r e e  c e n te r  energy  i n t e g r a l s  f o r  the  n e a re s t  n e ig h b o r
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d is t a n c e  (1 .8 7 8 2 ,  3 .2 5 3 2 ,  2 . 5 1 l 5 ) a u . .  These i n t e g r a l  va lu e s  were then
added t o g e t h e r  and squared and t h i s  r e s u l t  was d i v i d e d  by the  H a r t r e e -
Fock e n e rg ie s  p re s e n te d  by C l e m e n t i ^ ^ .
T h is  r e s u l t  demons t ra tes  t h a t  th e  r *  ( s - p  bond ing  band) Is a lways
lo c a te d  below the  d-bands a t  the I" p o i n t  and w i l l  sweep up as the
wave v e c t o r  i n c re a s e s .
The c a l c u l a t e d  energy  va lu e s  w i t h  and w i t h o u t  the  co re  a t  the  T
p o in t  a re  shown in  Tab le  1. The energy  e ig e n v a lu e  f o r  r |  was - 1 . ^ 3 0
Rydbergs w i t h o u t  the co re  and was changed t o  - 1 .1 6 9  Rydbergs w i t h
the  co re .  T h is  change was no t  n e a r l y  the  e f f e c t  t h a t  was needed t o
move t h i s  band above the  d - l i k e  bands. On the  axes and a t  o th e r
symmetry p o in t s  the  e f f e c t  o f  the  co re  was observed in the t h i r d
decimal  p la c e  in  Rydbergs f o r  th e  energy bands t h a t  a re  p l o t t e d  in
t h i s  d i s s e r t a t i o n .
The energy  bands f o r  the f u l l  S l a t e r  exchange (X -  1 .0 )  are
p re s e n te d  in f i g u r e s  1 and 2. These f i g u r e s  c o n t a in  a l l  the  energy
bands near the  Fermi energy  a t  e v e ry  ma jo r  symmetry 1 ine and a t  eve ry
symmetry p o i n t  in  the  B r i l l o u i n  zone. The Fermi energy  f o r  t h i s  case
was computed t o  be -0 .6 1 6  Rydbergs. The fe rm i  energy  l i e s  in a gap
a t  T between the  top  o f  th e  s -p  bond ing band and the  bo t to m  o f  the  s -p
25a n t i b o n d in g  band, w h ich  is  th e  expec ted  r e s u l t .  The s -p  a n t i -  
bond ing band i s  no t  even shown in  these f i g u r e s  s in c e  i t  is  q u i t e  a 
b i t  above the  Fermi e n e rg y .  The s -p  bond ing  band is  seen when i t  
sweeps up f rom  be low,  a lways w i t h  a s u b s c r i p t  one.
There Is  m ix in g  between s , p ,  and d f u n c t i o n s  a t  e v e ry  p o i n t  In 
the  B r i l l o u i n  zone and a lo n g  e v e ry  l i n e .  However, th e  bands
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presen ted  in  f i g u r e s  1 and 2 are  m o s t l y  d - l i k e .  The amount o f  p -d  
m ix in g  increases as k inc reases  and is  never g r e a t e r  than 35% a t  the 
boundar ies  o f  the B r i l l o u i n  zone, (where i t  is  the l a r g e s t ) .  The 
s-p bands are about 25% p - l i k e  and as one approaches the edges o f  the 
B r i l l o u i n  zone, these bands become more p - l i k e ,  as much as 80% p - l i k e .
The s -d  m ix ing  was very  s m a l l ,  never g re a te r  than 10% but t h i s  is  
sm a l le r  than the p-d  m ix in g .  Th is  was one reason why the s-bands in 
the core are more impor tan t  in the  co n du c t io n  p i c t u r e .  One use fu l  
p iece  o f  i n f o rm a t io n  is the w id th  o f  the d -b a n d s , and t h i s  was found 
to  be the a p p ro x im a te ly  3 e l e c t r o n  v o l t s .  The minimum occured near 
A (A j )  and the maximum occured near M (M^j) . The d-band va lue  f o r  Aj 
was -0.7*+ Rydbergs and a t  -0 ,5128  Rydbergs.
The energy bands on the E  - a x i s  f o r  X -  0 .85  are p resen ted  in 
f i g u r e  3, There were a few p o in t s  o f  i n t e r e s t  t h a t  can be noted.
F i r s t ,  the and r *  have been changed from the o rd e r  t h a t  they had 
f o r  X “  1 .0 .  The computed Fermi energy was -0 .0697 Rydbergs, con­
s i d e r a b l y  h ig h e r  than i t  was f o r  X “  1 .0 ;  in f a c t  f o r  X “  2/3  which 
cor responds to  the  Kohn-Sham-Gaspar p o t e n t i a l ,  the Fermi energy was 
p o s i t i v e .  The shape o f  these bands were q u i t e  s i m i l a r  to  the shape 
the bands had f o r  X "  1 .0 .  Th is  was because in both  cases th e re  was 
a bonding s-p band below the d-bands and t h i s  band d i c t a t e s  the shape 
o f  a l l  the bands near the Fermi energy .
B . Three Center I n t e g r a l s .
As s ta te d  p r e v i o u s l y  in  c a l c u l a t i n g  m a t r i x  e lements both  the 
sum on r e c ip r o c a l  l a t t i c e  and d i r e c t  l a t t i c e  were c a r r i e d  to  convergence. 
Except f o r  the c e n t r a l  c e l l  te rm s,  the r e c ip r o c a l  sum converged w i t h
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164 terms o f  the F o u r ie r  expan s io n .  The c e n t r a l  c e l l  i n t e g r a l s  con­
verged a f t e r  s e ve ra l  thousand te rms.  In th e  d i r e c t  l a t t i c e  the  number 
o f  n e a re s t  n e ig h b o rs  needed f o r  convergence and type  o f  i n t e g r a l  used 
in the  c a l c u l a t i o n  were as f o l l o w s :
Type Number o f  Nearest Ne ighbors
d-d  25
s -s  38
s-d  18
P-P 30
p -d  15
s -p  19
I t  must a l s o  be s ta te d  t h a t  o n l y  the  s - s ,  s - p ,  and s -d  types  needed
a l l  the  p o i n t s  in the  d i r e c t  l a t t i c e  t o  o b t a i n  convergence.  The o th e r
i n t e g r a l s  were in c lu d e d  s im p ly  because they  had been c a l c u l a t e d ,  no t
because they  were needed f o r  convergence.
I t  can be demons t ra ted  t h a t  in a l l  o f  the  r e c i p r o c a l  l a t t i c e  sums,
o n l y  the  p o s i t i v e  components o f  these  v e c t o r s  were needed, i . e . ,
K 2 o ,  K 2 o , K  2 o where, x ’ y ' z ’
Kx ■ T T i  ( 2 n i + ^
*  ■ ¥ ■  " 2y a 
K -  n
z c 3
and where
K ■ n. b. + n_ b_ + n_ b_ s i k + j  k + k k
n 1 1  2 2  3 3  x y z
T h is  fo rm was used e x t e n s i v e l y  in the  e v a l u a t i o n  o f  the c r y s t a l l i n e  
th re e  c e n te r  i n t e g r a l s .  For example ,  suppose t h a t  we wanted t o  o b t a in  
the  f o l l o w !  ng sum,
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£  K s in  (K .7  ) *  S  K s in  (K x  + K y + K z) x n cp x x y zn n '
where r  » i x + j y + k z .  Th is  sum in genera l is  f o r  a l t  cho ices
o f  the t r i p l e t  n ■ ( n ^ . n ^ . n  ) ;  which have p o s i t i v e  and n e g a t iv e  va lu e s .
However, we were a b le  t o  demonstrate  t h a t ,
£  K s in (K  x + K  Y + K  Z ) - M  £  K s in (K  X) cos(KyY) cos(K Z)
n X X y Z  K * o X X  Zx
K * 0
Y
K so z
i f  n^ is  an even i n te g e r .  And i f  was odd
-  M £  K cos(K X) cos(K Y) s in (K  Z ) ,
K so  x X V Zx
K so
Y
K so z
where M ■ 1,2,1* , 8 depending upon whether  the t r i p l e t  (K , K , K )x y z
was a l l  ze ro ,  one was non-ze ro ,  two were n on-ze ro  o r  a l l  th re e  were
non-ze ro  r e s p e c t i v e l y .  A l l  the necessary  r e c ip r o c a l  l a t t i c e  sums
can be w r i t t e n  in a s i m i l a r  form, so t h a t  o n l y  the p o s i t i v e  va lues
o f  K , K , and K are needed, x y z
The s m a l le s t  o f  these r e c ip r o c a l  l a t t i c e  v e c to r s  were c a l c u la t e d  
and the f i r s t  161+ t h a t  y i e l d e d  non-ze ro  F o u r ie r  c o e f f i c i e n t s  f o r  the 
c r y s t a l l i n e  p o t e n t i a l  are f c j n d  in Table  3. The f i r s t  e n t r y  is  the 
F o u r ie r  c o e f f i c i e n t ,  then 2n^ + n^ ,  and n^; these in te g e rs  
co r resp o n d in g  to  the g iven  F o u r ie r  c o e f f i c i e n t .
The f i r s t  and second ne ighbor  va lues  f o r  the th re e  ce n te r  
i n t e g r a l s  f o r  each type are  p resen ted  in Tab le  1*. T h is  t a b l e  c o n ta in s  
the c r y s t a l  l o c a t i o n s  o f  the c e n te r s ,  and the va lues  o f  the i n t e g r a l s  
in  Rydbergs. Th is  t a b le  a l s o  in c lu d e s  the c e n t r a l  c e l l  va lues  o f
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the  i n t e g r a l  types  l i s t e d .
To demonsrate these th re e  c e n te r  i n t e g r a l  r e s u l t s  we have 
s e le c t e d  the  {3 d —3d) type  f o r  Tab le  5. S ince  we have no o th e r  
compar ison  in n i c k e l  s u l f i d e ,  we compare these w i t h  the n i c k e l  
i n t e g r a l s  a t about the  same d i s t a n c e  in F.C.C, n i c k e l .  The a c tu a l  
l o c a t i o n  o f  the  s i t e s  f o r  the th re e  c e n te r  i n t e g r a l s  a re  s i t e  
A « ( o , o , o )  where one a to m ic  o r b i t a l  is  l o c a t e d  in  both  n i c k e l  and 
n i c k e l  s u l f i d e ;  s i t e  B ■ (o ,  6,506*+, o) in n i c k e l  s u l f i d e ,
B ■ (o ,  6.65*+5,o) in n i c k e l  ( c a r t e s i a n  c o o r d in a te s  and a tom ic  u n i t s ) ;  
the  p o t e n t i a l  has been summed to  convergence.  N o t i c e  t h a t  the k i n e t i c  
p l u s  p o t e n t i a l  e n e rg ie s  are o f  about the  same magni tude in each. But
in n i c k e l  s u l f i d e  we have n o n -z e ro  va lu e s  f o r  th e  i n t e g r a l  types
2 2 2 2 ( x z , 3z - r  ) ;  ( x y , x z ) ;  ( x z , x  - y  ) .  The n i c k e l  i n t e g r a l s  p re se n te d
(23)here  are  the  same i n t e g r a l s  used by C a l laway  and Zhang
26A d e n s i t y  o f  s t a t e s  was o b t a in e d  u s in g  an energy  g r i d  o f  0.01 
Rydbergs. T h is  is p re sen te d  in f i g u r e  *+, the  exchange pa ram e te r  was 
X *■ 1 .0 f o r  t h i s  d e n s i t y  o f  s t a t e s .  The g r e a t e s t  number o f  s t a t e s  
o ccu red  f o r  an energy  o f  - 0 .6 7  Rydbergs which would  be expec ted  f rom 
the  shape o f  th e  energy  bands in f i g u r e s  I and 2. The e n e rg y  va lu e s  
were c a l c u l a t e d  in 1/2*+ o f  the  B r i l l o u i n  zone u s in g  327 p o i n t s  w i t h  
w e i g h t i n g  which  r e s u l t s  in 108,000 e l e c t r o n  s t a t e s  f o r  t h i s  d e n s i t y  
o f  s t a t e s .
S p i n - o r b i t  c o u p l i n g  can i n t r o d u c e  changes in  energy  o f  the o rd e r  
o f  the  a to m ic  s p i n - o r b i t  c o u p l i n g  c o n s ta n t  and may t h e r e f o r e  g r e a t l y  
change th e  d e t a i l s  o f  th e  band fo rm .  T h is  may be v e r y  im p o r ta n t  when 
we a re  c o n s id e r in g  p r o p e r t i e s  o f  e l e c t r o n s  w i t h  a k i n e t i c  energy  which
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is  o n l y  o f  the o rd e r  o f  t h i s  s p i n - o r b i t  c o u p l in g  energy ,  such as 
occurs f o r  example in i m p u r i t y  sem iconducto rs .
I t  t h e r e fo r e  seemed o f  some i n t e r e s t  to  co n s id e r  the e f f e c t  o f  
s p i n - o r b i t  c o u p l in g  on the symmetry p r o p e r t i e s  o f  the bands. The 
i n t r o d u c t i o n  o f  sp in  i n t o  p h y s ic a l  th e o ry  is  accomp i i shc<J e le g a n t l y  
in a c o m p le te ly  r e l a t i v i s t i c  quantum th e o ry .  However, the non- 
r e l a t i v i s t i c  m a n i f e s t a t i o n s  o f  e l e c t r o n  sp in  are so w idespread t h a t  
an e x te n s io n  o f  o r d in a r y  g r o u p - t h e o r e t i c a l  techn iques  to  sp in  space 
has been used s u c c e s s f u l l y  f o r  many years .  The space groups which 
are a p p l i c a b le  when the sp in  is inc luded  are the double groups. The 
most s i g n i f i c a n t  e f f e c t s  o f  s p . n - o r b i t  c o u p l i n g  a r i s e  when i t  removes 
degenerac ies  in the bands, and t h i s  e f f e c t  can be r e a d i l y  seen by 
in s p e c t io n  o f  the c h a ra c te r  t a b le s .
Using the double  group n o t a t i o n  f o r  the space group i t  was
p o s s ib le  t o  r e la b e l  the energy bands t h a t  were p resen ted  in f i g u r e s  
1 and 2. The double  group n o t a t i o n  was used to  labe l  the  energy 
bands f o r  \  *  1 .0 ,  and these were p resen ted  on f i g u r e s  5 and 6 , The 
dduble group was found in re fe re n ce  27. The double grouo as a p p l i e d  
to  t h i s  problem y i e l d s  the f o l l o w i n g  s p l i t t i n g s .
A -* A^ + A + A^ tA were degenera te  by t ime
re v e rs e  1
L 1 “ * L3
+ Li* L - , L ,  were degenera te  
r e v e r s a 1
L2 " *  L 3
+ Lk
H1 -  h8 + H9
H2 + H6 + H8 H^,H^ and , H_ were by t ime r e v e r s a l
H3 "  H5
+
H7 + H9
A l l  M's in  t h i s  c a l c u l a t i o n  be longed t o  th e  same i r r e d u c i b l e  
r e p r e s e n t a t i o n  o f  the  doub le  g roup ,  M* .
A  -  A  
A  -  A )
A  "  A  + As 
A  ~ A  + A
p , - p6 
p 2 - p6
P„ -• P. + P_ + P, P, ,P_ were degenera te  by t im e  
3 *♦ 5 6 V  5
r e v e rs a l  .
S1 "* S2 + S3 + + S5
and and S,. were degenera te
by t  ime r e v e r s a l .
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For U, E, and T th e re  was o n ly  one r e p re s e n ta t i o n  and i t  was doub ly  
degenerate  when c o n s id e r in g  t ime re ve rsa l  symmetry. R a ls o  has o n ly
one r e p re s e n ta t i o n  but i t  was k f o l d  degenerate when c o n s id e r in g
(28 29) t ime re v e rs a l  symmetry.
These f i g u r e s  (5 and 6 ) us ing  the double group r e p re s e n ta t i o n  
do not d i s p la y  the la rg e  number o f  band c ro s s in g s  shown in  1 and 2 .
Much o f  the c ro s s in g  o f  the bands in  I and 2 were suppressed due to  
the f a c t  t h a t  on the U, E, T, and R a x is  the re  was o n ly  one i r r e d u c i b l e  
r e p re s e n ta t i o n .
P re s e n t l y  e l e c t r o r f l e c t a n c e  exper iments  are being per fo rmed a t 
L.S .U. to  measure some o f  the energy bands f o r  NiS. These o p t i c a l  
p r o p e r t i e s  o f  NiS have never been measured, and f o r  t h i s  reason we 
p resen t  some o f  the s t ro n g e r  band t r a n s i t i o n s  which can be p r e d i c te d  
from the r e s u l t s  o f  t h i s  c a l c u l a t i o n .  To make these p r e d i c t i o n s  we 
c o n s t r u c te d  a ta b le  f o r  a l l  the d i r e c t  p ro du c ts  o f  the i r r e d u c i b l e  
re p re s e n ta t i o n s  f o r  the space group, det mine to  which i r r e ­
d u c ib le  re p re s e n ta t i o n s  the  momentum o p e ra to rs  be long ,  and hence 
dete rmined the s t ro n g e r  t r a n s i t i o n s  f o l l o w i n g  the scheme o f  re fe re n ce  
30. I t  shouId be aga i n noted th a t  th i s is a nonsymmorph i c space 
group and t h a t  each component o f  the momentum o p e ra to r  u s u a l l y  belonged 
to  more than one i r r e d u c i b l e  r e p re s e n ta t i o n  a long any symmetry a x is  
o r  a t  any symmetry p o i n t ,  i f  the moipentum o p e ra to r  belonged to  more 
than one i r r e d u c i b l e  r e p re s e n ta t i o n ,  both  were cons id e re d .
The se r e s u l t s  a re  p resen ted  in  Table 2. Th is  t a b l e  g i ves the
d i f f e r e n c e  between th e  energy bands f o r  which the t r a n s i t i o n  is  be ing 
cons ide red  a t  the symmetry a x is  o r  p o i n t ,  whether the t r a n s i t i o n  w i l l  
be p o s s ib le  i f  the beam Is p o la r i z e d  p a r a l l e l  t o  o r  p e rp e n d ic u la r
3*
t o  the  z - a x i s ,  and the  energy  o f  the t r a n s i t i o n .  T h i s  t a b l e  i s  not 
meant t o  be co m p le te ,  o n l y  a samp l ing  o f  the  s t r o n g e r  t r a n s i t i o n s .
CHAPTER V
T h is  c a l c u l a t i o n  f o r  th e  energy bands was not done s e l f  
c o n s i s t e n t l y ,  no r  was s p i n - o r b i t  i n t e r a c t i o n  in c lu d e d  in the 
H a m i l t o n ia n ,  W h i le  s p i n - o r b i t  c o u ld  s u b s t a n t i a l l y  a f f e c t  the shape 
o f  the  Fermi s u r fa c e  by s p l i t t i n g  and moving th e  d bands near the 
Fermi e n e rg y ,  i t  shou ld  change r e l a t i v e  p o s i t i o n s  o f  the bands by 
smal l  amounts: t h i s  w i l l  be d iscu sse d  f u r t h e r  in t h i s  c h a p te r .
However, s e l f  c o n s i s t e n c y  is a f a r  more d i f f i c u l t  f a c t o r  t o  a n t i c i ­
p a te ,  and i t  is p o s s i b l e  t h a t  a s e l f  c o n s i s t e n t  p o t e n t i a l  would  
lead t o  an im p o r ta n t  r e o r d e r i n g  o f  bands. A l th o u g h ,  in p r i n c i p l e ,  
a s e l f  c o n s i s t e n t  c a l c u l a t i o n  c o u ld  be c a r r i e d  ou t  f o r  N iS, the 
p re s e n t  e x p e r im e n ta l  i n f o r m a t i o n  does no t  seem to  j u s t i f y  t h i s  t im e  
and expense, wh ich  wou ld  be s u b s t a n t i a l .  A crude e s t im a te  o f  c o n s i s ­
te n c y  o f  t h i s  c a l c u l a t i o n  can be made by compar ing  assumed occupanc ies  
o f  a tom ic  energy l e v e l s  used t o  c o n s t r u c t  th e  c r y s t a l  p o t e n t i a l  w i t h  
occupanc ies  o f  c o r re s p o n d in g  energy bands. Th is  is  d i f f i c u l t  to  do 
s in ce  s ,  p , and d bands h y b r i d i z e  and mix th ro u g h o u t  the zone,
making p ro p e r  co r respondence  u n c e r t a i n .  The e f f e c t i v e  c o n f i g u r a t i o n
7 5 5 6in  the  s o l i d  was found t o  be a p p r o x im a te ly  N i (3 d  ’ Us'  )S (3p  ) ,  i . e .
9 If i l l e d  3p bands, whereas the assumed c o n f i g u r a t i o n s  were N i (3 d  Us )
US(3p ) ,  Th is  does not mean t h a t  i t  is  o r  i s  no t  s e l f  c o n s i s t e n t  in  
the s o l i d  s t a t e  case. Work on s e l f  c o n s i s t e n c y  is  p r e s e n t l y  be ing  
done. S ince  th e re  a re  no s e l f  c o n s i s t e n t  c a l c u l a t i o n s  done a t  t h i s  
t im e ,  the  s e l f  c o n s i s t e n t  scheme w i l l  be deve loped  on a f a r  s im p le r  
c r y s t a l  than n i c k e l  s u l f i d e ,  and a f t e r  th e  p e r f e c t i o n  o f  the  scheme, 
i t  w i l l  then be a p p l i e d  t o  n i c k e l  s u l f i d e .
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Th is  e n t i r e  p rob lem shou ld  be ex tended t o  in c lu d e  the  s p i n - o r b i t
(31)
i n t e r a c t i o n s .  The s p i n - o r b i t  i n t e r a c t i o n  appears t o  be r a t h e r  
im p o r ta n t  in  t h i s  c a l c u l a t i o n  s in ce  i t  p roduces s p l i t t i n g s  which  are 
c r u c i a l  f o r  any model t h a t  may be an a lyze d  which a t te m p ts  t o  e x p la i n  
the  s e m ic o n d u c to r - to - m e ta l  t r a n s i t i o n  in n i c k e l  s u l f i d e .  S ince  we 
have no t  inc lu d ed  t h i s  e f f e c t ,  we can o n ly  i n v e s t i g a t e  the  f e a s i b i l i t y  
o f  i n c l u d in g  i t  and e s t im a te  some o f  the s p l i t t i n g s .
To i n v e s t i g a t e  these s p i n - o r b i t  s p l i t t i n g s ,  we f o l l o w  c l o s e l y  
the  method used by C a l laway  In r e fe re n c e  26. The c r y s t a l  s p i n - o r b i t  
i n t e r a c t i o n  is  g iven  by
MS — r 7  ? . ? ]  .
Urn c
S ince  the  s p i n - o r b i t  c o u p l i n g  te rm  is  o n l y  a p p r e c ia b le  near a nuc leus  
where vV is  l a rg e  and th e  p o t e n t i a l  is  n e a r l y  s p h e r i c a l l y  sym m etr ic ,  
t h i s  te rm  may be w r i t t e n  in  the more f a m i l i a r  a to m ic  form
H -  — -  - jp L-S . s . 2 2 r  d r  4m c
And t o  s i m p l i f y  t h i s  we a p p ro x im a te  th e  above e x p re s s io n  by a c o n s ta n t  
except f o r  L*S .
Hs -  t  t - S
. . _ h I dV
where t  = — 5—n — ~t~*  . 2 2 r  d rUrn c
In  the s o l u t i o n  o f  the  s e c u la r  e q u a t io n  f o r  the  energy  bands,  we 
a l s o  o b t a in e d  the  e ig e n v e c to r s  and we can o p e r a te  on these  w i t h  IT-S 
t o  i n v e s t i g a t e  the  s p l i t t i n g s .
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t t  ts  easy t o  d e r iv e  the f o l l o w i n g
l - s  -  K j 2 -  l 2 -  S2 ] 
where the  e ig e n va lu e s  fo r  j  and j  -  t  + 7 , i f  I  t  0 and j  -  ^
i f  & -  0. The e igenva lues  f o r  L are I  and f o r  S, In t h i s  
c a l c u l a t i o n  we have th re e  va lues  f o r  t \  I  -  2 , 1 ,0 .
I  -  2 j  -  5 / 2 ,  3 /2 ;  i  -  1*> j  -  3 /2 ,  1 /2 .
S e le c t i n g  an e ig e n f u n c t i o n  i[) f o r  L .S,
L-S 0 - 0 [ j  -  5 /2 , jt -  2 , s -  1/ 2]
L-S i|) ■ - 3 / 2  0 [ j  -  3 /2 , I  -  2 , s -  1/ 2]
L-S ^  - 1/ 2 (J) Cj -  3 /2 , i  -  1, s -  1/ 2 ]
L-S 0 9 -  0 [ j  -  1/ 2 , I  -  1 , s -  1/ 2]
L ■ S * 0 0 - 0 [ j  -  1/ 2 , in
01 -  1/ 2]
symmetry p o in t  t h a t  seems t o  have the most i n t e r e s t  is  A. Th i s
p o in t  has an i r r e d u c i b l e  r e p re s e n ta t i o n  w i t h  band energy -0.661 Ryd. 
Using double  group n o t a t i o n  t h i s  w i l l  be s p l i t  i n t o  two 4 f o l d  
degenerate r e p re s e n ta t i o n s ,  one t h a t  cor responds to  t  + i  and one 
t h a t  cor responds to  I  -  i ,  the two va lues  o f  j .  Us ing the e ig e n v e c to rs
t o  f i n d  the  e x p e c ta t io n  va lue  o f  L.S we have,
<A3 |L*S |A3 > -  0.9935 fo r  A + £
<A3 | L . ? | A 3 > -  - 1.1+9835 f o r  t  -  £
With these v a lu e s ,  we can so lve  f o r  £, making § t h a t  va lue  which w i l l  
l i f t  one o f  these to  -0 .616  Ryd. the Fermi energy In t h i s  c a l c u l a t i o n .  
0 . 9 9 3 5 £  -  0 .0452 Ryd.
38
This  va lue  Is q u i t e  la rg e  and demonstrates one o f  the t r o u b le s  t h a t
is  encounte red in t r e a t i n g  the s p i n - o r b i t  i n t e r a c t i o n  in  t h i s  way.
(32)
Hodges and E h re n r ich  quote a va iue  o f  £ f o r  Ni o f  0,0075 Ryd.
Th is  va lue  is b e l i e v e d  to  be c lo se  to  the va lue  th a t  shou ld  be used 
in  t h i s  c a l c u l a t i o n  i f  s p i n - o r b i t  were to  be inc lu d ed .  However, our 
d e s i re d  v a lu e  f o r  £ was 6 t imes l a r g e r  than the va lue  we t h i n k  is 
ve ry  c lose  to  the c o r r e c t  magnitude and f o r  t h i s  reason we te rm in a te d  
the  s p i n - o r b i t  a p p ro x im a t io n .
Other u n c e r t a i n t i e s  which  are  invo lve d  inc lude  exchange 
c o n t r i b u t i o n s  and the importance o f  a d d i t i o n a l  b a s is  f u n c t i o n s ,  both 
core  and co n du c t io n  typ e .  To i n v e s t i g a t e  exchange e f f e c t s ,  severa l  
va lues  o f  X were used to  o b ta in  energy bands. The main fe a tu r e  f o r  
d i f f e r e n t  va lues  o f  X was d i f f e r e n c e s  in  the  Fermi energy and Fermi 
su r fa c e  caused by the  r e l a t i v e l y  smal l  changes in  the exchange 
p o t e n t i a l .  Note the  presence o f  L  heavy mass ho les  in  the Fermi 
s u r fa c e .  X is a conven ien t  parameter  f o r  a d j u s t i n g  p o s i t i o n s  o f  d 
bands r e l a t i v e  t o  s bands. Values o f  X in the ranges 2 /3  to  1 d id  not 
a l t e r  the o rd e r  o f  l e v e l s  a t  T, so i t  i s  not expected t h a t  s-d  
h y b r i d i z a t i o n  can be removed by us ing  a s l i g h t l y  d i f f e r e n t  t rea tm en t  
o f  exchange.
U n c e r t a i n t y  r e l a t e d  t o  c o n t r i b u t i o n s  from co n du c t io n  bands is
p ro b a b ly  l a r g e r  than the  e f f e c t  o f  the core which we have a l re a d y
d iscu sse d .  A d d i t i o n a l  s f u n c t i o n s  on n ic k e l  o r  s u l f u r  would lower 
1 +the Us T | , l e v e l  r e l a t i v e  to  d bands. S u l f u r  3d co n du c t io n  bands 
may a ls o  be im p o r ta n t ,  as no ted  by T. M. W i lson ,  who re p o r te d  energy
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(33)bands f o r  aMnS c a l c u l a t e d  by the  APW method. He found t h a t
manganese d bands were pushed down below manganese Us bands by 
i n t e r a c t i o n  w i t h  s u l f u r  3d bands. Whether t h i s  is  the  case w i t h  NiS 
o r  n o t ,  is  u n c e r t a i n ,  s in ce  d f u n c t i o n s  i n t e r a c t  w i t h  both  s and d 
bands in  the  NiAs s t r u c t u r e  and w i l l  lower  both  these energy  bands. 
N e v e r th e le s s ,  i t  is  c l e a r  t h a t  more a c c u ra te  c a l c u l a t i o n s  f o r  NiS 
must a l l o w  f o r  t h i s  p o s s i b i l i t y  e i t h e r  by i n c l u s i o n  o f  more t i g h t -  
b in d in g  f u n c t i o n s  or a d d i t i o n  o f  p lane  waves t o  the  b a s is  s e t .
M e ta l - t o - Semj co n d u c to r  Trans i t  i on
The meta1- t o - s e m ic o n d u c t o r  t r a n s i t i o n  in NiS has been a t t r i b u t e d  
t o  a n t i f e r r o m a g n e t i c  o r d e r i n g  o f  magne t ic  moments o f  n i c k e l  atoms.
I t  i s  i n t e r e s t i n g  t o  examine the  band s t r u c t u r e  o f  the  m e t a l l i c  phase 
o f  NiS t o  see whether  c o n d i t i o n s  are  f a v o r a b l e  f o r  a n t i f e r r o m a g n e t i s m .
I f  so, a s p in  p o l a r i z e d  c a l c u l a t i o n  u s in g  l a t t i c e  c o n s ta n ts  f o r  the 
sem ico n d u c t ing  phase m igh t  be s u c c e s s fu l  in  e x p l a i n i n g  th e  se m iconduc t ing  
b e h a v io r  be low th e  Neel te m p e ra tu re .  A cc o rd in g  t o  s im p le  band t h e o ry  
i t  i s  necessa ry  t h a t  the  s p in  s p l i t t i n g  o f  the  bands have c o m p le te ly  
f i l l e d  o r  c o m p le te l y  empty b a n d s .  T h is  is  most e a s i l y  accom pl ished  
when an e x a c t l y  h a l f - f i l l e d  band, wh ich  does no t  o v e r la p  any o th e r  
band, is  s p l i t  in  h a l f .  T h is  wou ld  be the  case when band w id th s  are 
smal l  compared w i t h  s p in  s p l i t t i n g ,  wh ich  appears  t o  be th e  case w i t h  
NiO. The energy bands o b ta in e d  here  do no t  s a t i s f y  these c o n d i t i o n s .  
F i r s t ,  the  d band w id th s  a re  l a r g e r  than the c r y s t a l  f i e l d  s p l i t t i n g s ,  
caus ing  bands t o  o v e r l a p  in  a v e r y  c o m p l i c a te d  way. Second, the  Us 
bands o v e r la p  a l l  the  d bands, and s in c e  th e y  a re  so w id e ,  w i l l
*♦0
p r o b a b l y  o v e r la p  a l l  d bands a f t e r  a s p in  s p l i t t i n g  is  i n t ro d u c e d .  
A l th o u g h  i t  is  d i f f i c u l t  t o  e s t im a te  the s p in  s p l i t t i n g  in advance, 
i t  is  not l i k e l y  t o  be l a r g e r  than  th e  bandwid th  o f  the  combined Us 
b o n d in g ,  a n t i b o n d in g  bands. Thus i t  is  not easy t o  v i s u a l i z e  a mode) 
band s t r u c t u r e  which would  be s p l i t  c o r r e c t l y  by a n t i f e r r o m a g n e t i c  
a l ig n m e n t  o f  sp in s  t o  g iv e  a rea l  gap in the  d e n s i t y  o f  s t a t e s .
In o r d e r  t o  c o n s t r u c t  such a model from r e s u l t s  o f  the  p re se n t  
c a l c u l a t i o n s  i t  i s  e s s e n t i a )  t o  c o n s id e r  s p i n - o r b i t  e f f e c t s .  Th is  
is  done c r u d e l y  by r e l a b e l i n g  energy  l e v e l s  a c c o rd in g  t o  the  doub le  
group n o t a t i o n s  and re c o n n e c t i n g  them as r e q u i r e d  by symmetry, as 
shown in  f i g u r e s  5 and 6 . No s p i n - o r b i t  s p l i t t i n g s  a re  shown: 
r e s u l t s  from band c a l c u l a t i o n s  o f  face  c e n te re d  c u b ic  n i c k e l  suggest 
t h a t  these  s p l i t t i n g s  would  be le ss  than , 2 e v , .  Degenerac ies  w i l l  be 
removed whenever two d i f f e r e n t  d o u b l t  group i r r e d u c i b l e  r e p r e s e n ta t i o n s  
appear as l a b e l s  a t  the  same p o i n t ,  excep t  f o r  those wh ich  are  r e q u i r e d  
to  be degenerate  by t ime r e v e r s a l  symmetry, e .g .  A^ + A ^ . By a r b i t r a r i l y  
moving l e v e l s  a t  T, A and L above o r  be low the  Fermi energy and 
i n t r o d u c i n g  a s p in  o r b i t  s p l i t t i n g  o f  f rom A^ + A ^ , i t  m igh t  be 
p o s s ib l e  t o  o b t a i n  a band s t r u c t u r e  f a v o r a b l e  toward  fo rm a t io n  o f  an 
a n t i f e r r o m a g n e t i c  se m ico n d u c to r .  However, due t o  r e l a t i v e  p o s i t i o n s  
o f  s and d l e v e l s  and the  r e s u m i n g  h y b r i d i z a t i o n ,  i t  is v e ry  d i f f i c u l t  
i f  no t  im p o s s ib le ,  t o  f i n d  a way t o  make m inor  a d ju s tm e n ts  o f  these  
energy  bands t h a t  w i l l  lead  to  a rea l  gap in  the d e n s i t y  o f  s t a t e s  
a f t e r  the  energy  bands are  s p l i t  between T and A and between L and M 
by i n t r o d u c i n g  the s m a l le r  m agne t ic  B r i l l o u i n  zone. For reasonab le  
v a lu e s  o f  s p in  s p l i t t i n g s  i t  is  no t  p o s s ib l e  t o  o b t a in  a rea l  gap
1+1
even by a r b i t r a r i l y  moving l e v e l s  by amounts o f  the o rd e r  o f  w id th s  
o f  the d bands.
On the o th e r  hand, i f  the l+s band is f i r s t  l i f t e d  above the 3d 
bands by an amount la rg e  compared to  the sp in  s p l i t t i n g ,  the 3d 
bands are connected d i f f e r e n t l y  and, i t  is then p o s s ib le  to  o b ta in  a 
band s t r u c t u r e  (perhaps not a ve ry  p robab le  one) in which a gap can 
appear. Since d bands o f  the same sp in  but d i f f e r e n t  symmetr ies 
wi 1) presumably s t i l l  o v e r la p  a f t e r  the sp in  s p l i t t i n g  is  in t ro d u c e d ,  
the l a r g e s t  band gap which can occur  must be less  than the maximum 
s p i n - o r b i t  s p l i t t i n g  about 0 .2eV, which is  not i n c o n s i s te n t  w i t h  the 
observed a c t i v a t i o n  energy o f  sem iconduc t ing  NiS, 0 .12  eV. W i thou t  
s p l i t t i n g  a p a r t  o f  the d bands by s p i n - o r b i t  i n t e r a c t i o n s ,  the re  can 
be no gaps in t roduced  by s p i n - s p l i t t i n g s , even when the o rd e r  o f  s 
and d bands is a l t e r e d .
Thus, about the o n ly  p o s s i b i l i t y  o f  u n d e rs ta n d in g  the phase 
t r a n s i t i o n  in NiS in  terms o f  a s p in  p o la r i z e d  model and the band 
s t r u c t u r e  p resen ted  here r e q u i r e s  r e o r d e r i n g  o f  s and d l e v e l s  and 
invo k in g  both  s p in  s p l i t t i n g s  and s p i n - o r b i t  s p l i t t i n g  o f  d bands.
I f  t h i s  model is  c o r r e c t ,  the NiS t r a n s i t i o n  might in  f a c t  be a 
semimeta I - t o - s e m i  conduc tor  t  rans i t  i o n ,
However, i f  the p resen t  band s t r u c t u r e  is  c o r r e c t  as f a r  as o rd e r  
o f  s and d l e v e l s ,  c r y s t a l  f i e l d  s p l i t t i n g s  and band w id th s ,  i t  may 
be necessary  t o  take another  p o in t  o f  v iew  t o  unders tand the phase 
t r a n s i t i o n :  t h a t  the t r a n s i t i o n  is  a c o l l e c t i v e - t o - l o c a l i z e d  one; in
(5)o th e r  words, a Mot t  t r a n s i t i o n .  In t h i s  case magnetic  o rd e r  would 
not be necessary ,  but co u ld  be a t t r i b u t e d  t o  l o c a l i z a t i o n  o f  the 
d - e l e c t r o n s .
CONCLUSION
The energy  bands o f  NiS have been examined u s in g  a t i g h t -  
b i n d i n g  method. A l th o u g h  the method has been a p p l i e d  w i t h  g r e a t e r  
r i g o r  than u s u a l ,  i t  is  p o s s ib l e  t h a t  f u r t h e r  r e f in e m e n ts  w i l l  a l t e r  
the  band s t r u c t u r e  o b ta in e d  h e re .  A d d i t i o n a l  t i g h t - b i n g i n g  b a s is  
f u n c t  ions may be needed, and perhaps a b e t t e r  t r e a tm e n t  o f  exchange.
The fo rmer  c o u ld  be added w i t h  s u f f i c i e n t  l a b o r  a t  t h i s  t im e ,  b u t  the 
l a t t e r  improvement would  need some e x p e r im e n ta l  g u i d e l i n e s  w h ich  a re  
no t  a v a i l a b l e  a t  p r e s e n t .  P ro b a b ly  th e  most im p o r ta n t  c o n s i d e r a t i o n  
f o r  f u r t h e r  re f in e m e n t  is  improvement o f  the c r y s t a l  p o t e n t i a l  
toward  s e l f - c o n s i s t e n c y .  C o n c lu s io n s  reached here about the  band 
s t r u c t u r e  o f  NiS a re  based upon a n e u t r a l  atom c r y s t a l  p o t e n t i a l  and 
the  c r y s t a l  f i e l d  s p l i t t i n g s ,  band w id th s  and band o v e r la p s  
a s s o c ia te d  w i t h  i t .  A l th o u g h  a s e l f  c o n s i s t e n t  c a l c u l a t i o n  s t a r t i n g  
from the p re s e n t  band s t r u c t u r e  c o u ld  c o n c e iv a b ly  p roduce changes 
in a l l  t h re e  o f  these  band p r o p e r t i e s ,  i t  is  no t  p o s s i b l e  t o  a n t i c i p a t e  
w he the r  o r  no t  th e y  w i l l  be s u b s t a n t i a l  enough t o  a l t e r  the  c o n c lu s io n s  
reached h e re .
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0.16754891 2 2 1 -0.12734023 4 0
-0 .42020905 0 0 4 -0.088863483 5 I
-0.32612601 2 2 2 -0.088863483 4 2
-0.32612601 4 0 2 -0.088863483 1 3
- 0.15187072 1 1 4 -0 .069363650 6 0
-0 .15187072 2 0 4 -0.069363650 3 3
-0.11809571 2 2 3 -0 .066440758 0 0
45
H i
3
o
0
0
I
1
I
4
4
2
2
2
5
5
0
0
4
4
3
3
3
2
2
6
(*6
TABLE I I I ( c o n t d . )
V(Kn) 2 n ]+n2 ^2 V (K „) 2 n j+ n 2
0,076817905 2 2 5 -0.061+654980 1 3
-0,076817905 1+ 0 5 -0 .16528300 4 0
-0 .24044714 6 2 0 -0 .16528300 2 2
-0.21+01+1+71 4 0 1+ 0 -0 .061640806 5 3
-0.1183601+8 5 1 1+ -0 .061640806 2 4
-0.1083601+8 1+ 2 1+ -0 .061640806 7 1
-0.1083601+8 1 3 1+ -0 ,089541168 4 4
-0.1928971+7 2 0 6 -0 .089541168 8 0
-0.1928971+7 1 1 6 0.060255160 8 0
-0 .10320257 5 3 0 -0 .060255160 4 4
-0 .10320257 2 1+ 0 0.059974737 1 1
-0 .10320257 7 1 0 -0 .059974737 2 0
-0 ,061163737 6 2 2 -0 .18655124 6 2
-0,061163737 0 1+ 2 -0 .15138394 4 4
0.07031501+5 5 3 1 -0 .15138394 8 0
-0.07031501+5 6 0 1+ -0 .081937492 5 3
-0 .21511769 3 3 1+ -0 .081937492 7 1
-o .  171+13090 7 1 2 -0 .081937482 2 4
- 0 . 171+13090 2 1+ 2 -0 .14467332 1 3
- 0 . 171+13090 5 3 2 -0 .054077357 8 0
-0.058367892 3 1 6 -0 .054077357 4 4
-0 .058367892 0 2 6 -0 .078708338 7 3
-0.061+651+980 5 1 5 -0 .078708338 8 2
-0.064651+980 1+ 2 5 -0 .078708338 1 5
H i
5
6
6
3
3
3
0
0
1
1
7
7
4
2
2
4
4
4
6
3
3
0
0
0
v o v
-0.053055981 
0.053055981 
-0.053055981 
0.052848079 
-0 .052848079 
-0 .1642570)
- 0 . 1 3 3 9 2 9 2 3  
- 0 . 1 3 3 9 2 9 2 3  
- 0 . 1 3 3 9 2 9 2 3
-0 .045150170 
-0 .045150170 
-0 .050060320 
0.050060320 
0.050060320 
-0 .15898165 
-0 .15898165 
-0 .15898165 
-0 .072600096 
- 0.072600096  
-0 .072318718  
-0 .072318718 
0.048381912 
-0.048381912 
0.048381912
47
TABLE 11 I ( c o n t d . )
2 n j+ n j  r i j
1 5 t
8 2 1
7 3 1
4 0 7
2 2 7
0 0 8
7 3 2
8 2 2
1 5 2
6 0 6
3 3 6
7 1 5
5 3 5
2 4 5
3 5 0
6 4 0
9 1 0
8 0 4
4 4 4
1 1 8
2 0 8
7 3 3
8 2 3
1 5 3
V(K )n
-0 .041787654 
-0 .041787654 
-0 .041787654 
0.047428099 
0.047428099 
-0 .047428099  
-0 .14733983 
-0 .14733983 
-0.040093841 
-0 .040093841 
0.045235573 
-0 .045235573 
- 0.065007820  
- 0.065007820  
-0 .065007820 
-0 .064777330 
-0.064777330 
-0 .11582853 
-0 .11582853 
-0 .11582853 
-0 .062862795 
-0 .062862795 
-0 .043258569 
0.043258569
■ ■■■
6 4 2
3 5 2
9 1 2
1 3 7
4 2 7
5 1 7
3 1 8
0 2 8
6 2 6
0 4 6
8 0 5
4 4 5
7 3 4
8 2 4
1 5 4
4 0 8
2 2 8
5 3 6
7 1 6
2 4 6
5 5 0
10 0 0
10 0 1
5 5 1
TABLE I I I ( c o n t d . )
V ( Kn) 2 ^  + ^
2 l
-0 .13^05590 3 5 k
-0.13^*05590 6 i♦ k
-0 .13^05590 9 I k
-0.1088377^+ 5 5 2
-0.1088373*+ 10 0 2
-0.0^1799001 1 1 9
0.0^179901 2 0 9
-0.0*+13M+831 7 3 5
0.0*+13*+*t83 8 2 5
- 0 . 0 ^ 1 3 ^ 8 3 1 1 5 5
-0.13015283 0 6 0
-0.13015283 9 3 0
-0 .058559^55 5 1 8
-0.058559^+55 k 2 8
-0 .053559^55 1 3 8
TABLE IV
Three Center In te g r a l -N ic k e !  S u l f i d e
TvDe o f  In te q ra l
F i r s t  Neighbor [A *  (0 ,0 ,5 .0 2 2 9 5 ) ;  B = 
Second Neighbor [A = (0 ,6 .5 0 6 4 ,0 ) ;  B =
Overlaps
F i r s t  Second Central
Ce l l
( 0 , 0 , 0 ) ;  C = 
( 0 , 0 , 0 ) ;  C =
K ine t  ic 
F i r s t
' (0 ,0 ,0) ]
■ ( 0 , 0 , 0 ) ]
Enerqy(Ryd.)
Second Central
Ce l l
2 2 3 2 2\(32 - r  ,3z - r  ) +0.016655 0.001481 1.0 0.009158 -0.000101 IS . 283508
(xy ,  xy) 0.002114 -0.002374 1.0 -0.000154 -0.000550 18.283508
(xZ,  xz) -O.OI1I32 0.000332 1 .0 0.002016 -0.000134 18.283508
( y z ,  yz) -0.011132 -0.002374 1.0 0.002016 -0.0u0550 18.283508
, 2 2 2 2, 
(x - y  ,x -y  ) 0.002114 0.003781 1.0 -0.000154 -0.000035 18.283508
(yz ,  zx) 0 .0 0.0 0.0 0.0 0.0 0 .0
, 2  2 ,  2 2, (x - y  ,3z - r  ) 0.0 0.001992 0.0 0.0 0.000058 0 .0
(xy ,  zxj 0.0 0.0 0.0 0 .0 0.0 0 .0
(xy ,  x2- y Z) 0 .0 0.0 0.0 0.0 0.0 0.0
(yz ,  3z2- r 2) 0.0 0.0 0 .0 0.0 0.0 0 .0
(zx ,  3z2- r 2) 0 .0 0.0 0 .0 0 .0 0.0 0 .0
TABLE IV ( c o n t ' d )
Type o f  In te g ra l  Overlaps
F i r s t  Second
(x y ,  3z2- r 2) 0 .0 0 .0
(*y» yz) 0 .0 0 .0
{ 2 2\ tyz ,  « -y  ) 0 .0 0 .0
( z x ,  x 2- y2) 0 .0 0 .0
(4s ,  3z2- r 2) 0.035142 -0.009817
(4s ,  xy) 0 .0 0 .0
(4s ,  xz) 0 .0 0 .0
(4s ,  yz) 0 .0 0 .0
(4s ,  x2- y 2) 0 .0 -0.017004
(4s ,  4s) 0.1*0830 0.24081
K in e t ic  EnerqyfR yd . )
Centra l  F i r s t  Second Cent ra l
C e l l  Ce l l
0 .0 0.0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0
0 .0 0.018063 -0.001555 0 .0
0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0
0 .0 0.0 -0.002693 0 .0
1.0 0.03570 +0.00235 1.842773
V/1o
TABLE IV ( c o n t ’ d)
Type o f  In te g ra l  P o te n t i a l  Enerqy(Ryd.)
F i r s t  Second
/  •• 2  2 , 2  2. (3z - r  ,3z - r  ) -0.020405 -0.001258
(x y ,  xy) -0.002461 0.002346
(x z ,  xz) 0.012763 - 0.000507
(y z ,  yz) 0.012763 0.002895
,  2  2  2 2 ,  (x  - y  ,x  - y  ) -0.002461 -0.003500
(yz ,  zx) 0 .0 0 .0
,  2  2  ,  2  2, (x - y  ,3z - r  ) 0 .0 -0.001778
(x y ,  zx) 0 .0 0 .0
( x y ,  x 2- y 2) 0 .0 0 .0
(yz ,  3z2- r 2) 0 .0 0 .0
(zx ,  3z2- r 2) 0 .0 0.000113
(x y ,  3z2- r 2) 0 .0 0 .0
(x y ,  yz) -0.00117*+ 0.000960
(y z ,  X - y  ) 0 .0 0 .0
Exchange Energy(Ryd. )
Centra l  
Cel 1
F i r s t Second Cent ra l
Ce l l
15.20914 -0.017432 -0.000979 -3 .7 5 M 5 6
15.210073 -0.001842 0.001702 -3.752773
15.216172 0.01033*+ - 0.000291 -3.755777
15.216172 0.01033*+ 0.002035 -3.755777
15.210073 - C .001842 -0.002793 -3.752773
0 .0 0 .0 0 .0 0 .0
0.0 0.0 -0.001378 0 .0
0.0 0.0 0 .0 0 .0
0.0 0.0 0 .0 0 .0
0.0 0.0 0 .0 0 .0
0 .0 0.0 0.000099 0.0
0 .0 0 .0 0 .0 0.0
-0.002635 -0.000835 0.000596 -0.004572
TABLE IV ( c o n t 'd )  
Type o f  In te g ra l Potent ia l  
F i r s t
EnergyfRyd.) 
Second
(z x ,  x2- y 2) -0.001240 0.000353
( * f s ,3 r2- r 2) -0.024058 0.007497
(4s ,  xy) 0 .0 0 .0
(4s ,  xz) 0 .0 -0.004490
(4s ,  yz) 0 .0 0 .0
/ i  2 2\(4s ,  x - y  ) 0 .0 0.015255
(4s, 4s) -0 .23057 -0.18087
Exchange Energy{Ryd .)
C en t ra ’ F i r s t  Second Centra l
Cel l  Ce l l
0.002635 -0.000931 0.000231 0.004572
0.024986 -0.030170 0.005719 -0.0227601
0 .0 0 .0 0.0 0 .0
0.0 0 .0 - 0.002507 0 .0
0 .0 0 .0 0.0 0 .0
0.0 0 .0 0.0122341 0.0
1.755885 - 0.26223 - 0.15358 - 0.806789
TABLE IV ( c o n t 1d)
F i r s t  Neighbor [A = (1 .8782,  3.2532, 2 .5115) ;  B = ( 0 . 0 , 0 . 0 , 0 . 0 ) ;  C = ( 0 , 0 , 0 ) ]  
Second Neighbor [A = 7 .5 1 2 9 ,0 .0 ,2 .5 1 1 5 ) ;  B = ( 0 . 0 , 0 . 0 , 0 . 0 ) ;  C = ( 0 , 0 , 0 ) ]
Type o f  In te g ra l  Overlaps K i n e t i c  Enerqy(Ryd.)
F i r s t Second Centra l
Cel l
F i r s t Second Centra l
Ce l l
( 3x ,  ^s) - o . 120250 -0.067773 0 .0 0.037420 -0.004707 0.0
(3y ,  4s) -0.208283 0 .0 0 .0 0.064815 0 .0 0 .0
( 3z ,  4s) -0 .160796 -0.022656 0 .0 0.050037 -0.001573 0 .0
(3x ,  3z2- r 2) -0.008458 0.002214 0 .0 0.010663 -0.001744 0 .0
(3x ,  x 2- y 2) 0.031919 -0.005472 0 .0 - 0.001898 0.003353 0.0
(3x ,  xy) 0.005925 0.0 0 .0 -0.050651 0.0 0 .0
( 3x ,  yz) -0.033002 0 .0 0 .0 - 0.031666 0 .0 0 .0
(3x, zx) 0.004574 -0.004278 0 .0 -0.039103 0.001617 0 .0
(3y .  3 i 2- r 2) -0.014649 0 .0 0 .0 0.018470 0.0 0 .0
<3y, x2- y 2) -0.005923 0.0 0 .0 0.050652 0.0 0 .0
( 3y ,  xy) -0.025079 0.001855 0 .0 - 0.056588 0.001868 0.0
(3y ,  yz) -0.033535 0.000620 0 .0 -0.075669 0.000624 0 .0
TABLE IV ( c o n t 'd )
Type o f  In te g ra l  Overlaps
F i r s t  Second
(3y ,  zx)
(3z ,  3z2- r 2) 
(3z ,  x 2- y 2) 
( 3 z , xy)
(3z ,  yz)
(3z ,  4s)
(3s ,  4s)
(3x ,  3x)
(3y ,  3y)
(3z ,  3z)
( 3 y , 3x)
(3z ,  3x)
(3y ,  3z)
0.033002 0 .0
0.029615 0,001814
0.019055 -0.002449
0.033002 0.0
0.013525 0 .0
0.007809 0.000217
0.263490 —
0.017605 -0.082770
0.012702 -0.009600
0.075615 0 . 0 2 0 8 5
0.026248 -0.063367
0.070191 0.0
0.040526 0.0
Centra l  
Cel 1
K i n e t i c  Energy(Ryd.) 
F i r s t  Second Cent ra l  
Cel 1
0.0 -0.031666 0.0 0 .0
0.0 -0.021805 0.000498 0.0
0 .0 0.018283 0.000496 0.0
0 .0 -0.031666 0.0 0 .0
0 .0 -0.069313 0.0 0 .0
0.0 -0.040017 0.002200 0.0
- - 0.021742 — - -  —
1.0 -0.001789 0.004660 3.5750695
1.0 0.001438 -0.000893 3.5750695
1.0 0.008135 -0.003670 3.5750695
0.0 0.002794 0.004809 0.0
0 .0 0.007472 0.0 0.0
0 .0 0.004314 0.0 0 .0
TABLE IV ( c o n t ' d )
Type o f  I n te g ra l  Over!aps
F i r s t  Second
(3x ,  *+sj 
(3y, *+s)
(3z ,  *+s)
<3x, 3z2- r 2) 
(3x ,  x ^ - y 2) 
(3x ,  xy)
(3x ,  yz)
(3x ,  zx)
(3y, 3 i 2- r 2)
(3y ,  x2- y 2) 
(3y .  xy)
(3y ,  yz)
(3y ,  zx)
0.055*+26 
0.096002 
0.089282 
0.008668 
-0.032375 
-0.000161 
0.037052 
O.OGO570 
0.015013 
0.000159 
0.032191 
0 .0*0357 
0.037053
0.05*+l*+7
0. 0
0 . 0 ) 65*+6
-0.001570
0.003379
0.0
0.0
0.002537
0.0
0.0
- 0.002071 
- 0 . 0009*+9 
0.0
K i n e t i c  Enerqy(Ryd, )
Centra l  F i r s t  Second Cent ra l
C e l l  Ce l t
0 .0 0.079672 0.0*+l 108 0.0
0 .0 0.1379987 0.0 0 .0
0 .0 0.118698 0.012965 0.0
0.0 0.008009 - 0.001125 0 .0
0 .0 -0.026898 0.002553 0 .0
0 .0 0.00091*+ 0 .0 0 .0
0 .0 0.031569 0 .0 . 0 .0
0 .0 0.001289 0.001867 0.0
0 .0 0.013872 0 .0 0 .0
0 .0 -0.000915 0.0 0 .0
0 .0 0.02795*+ -0.001 *+68 0.0
0 .0 0.0377*+*+ - n .000615 0.0
0 .0 0.031570 0 .0 0 .0
TABLE IV ( c o n t ' d )
Type o f  In te g ra l  Over 1aps
F i r s t  Second
(3z ,  3z2- r 2) -0 .030734 -0.001472
(3z ,  x 2- y 2) -0.021364 0.002199
(3z ,  xy) 0.037003 0.0
(3z ,  yz) 0.021616 0.0
(3z ,  zx) 0.012487 -0.000790
(3s ,  4s) -0.187151 —
(3x ,  3x) -0.039097 0.002929
( 3 y , 3y) -0.022215 -0.016842
(3z ,  3z) -0.008100 -0.032651
( 3 y , 3x) 0.032325 0.073211
(3z ,  3x) 0.054637 0 .0
<3y, 3z) 0.031516 0 .0
Centra l  
Cel 1
Ki net ic 
F i r s t
Enerqy(Ryd.) 
Second Centra l
Ce l l
0 .0 -0.024183 -0.001097 0.0
0.0 -0.018228 0.001580 0 .0
0 .0 0.031570 0.0 0.0
0 .0 0.019362 0 .0 0.0
0 .0 0.011179 -0.000460 0 .0
--------- -0.215777 — —
3.4721735 -0.02142 0.039314 -1.2228956
■3.4721735 0.000851 0.000343 -1.2228956
■3.4646743 0.034007 -0.022266 -1.2134757
0.0 0.023495 0.■’'55181 0.0
0 .0 0.042694 0 .0 0.0
0 .0 0.024621 0 .0 0 .0
I V  p c  O v t
c f  i r.  t o y  m l  ( 6 . 5 0 5 * ! )
N i c k e l  Su l  f i e
3 z 2 - r 2 , 3 z 2 - r 2 } 0 . 0 0 1 4 9 1
x y , : < / )  - 0 . 0 0 2 3 7 4
X 2 , x z ) 0 . 0 0 0 3 3 2
y z , y 7 } - 0 . 0 0 2 3 7 4
x 2 - y 2 , x 2 - y 2 ) 0 . 0 0 3 7  81
yz , 2> : )  0 . 0
2 2 2 2 x - y  . 3z  - r  ) 0 , 0 0 1 ^ 9 2
x y , 2  x ) 0 . 0
x y , x 2 - y 2 ) 0 . 0
y z , 3 z 2 -  r  2 ) 0 . 0
z x , 3 z 2 -  r 2 ) 0 . 0
x y , 3 z 2 - r 2 ) 0 . 0
xy , y 2 ) 0 . 0
y z , x 2 - y 2 ) 0 . 0
2 2zx, :< - y  ) 0 . 0
T A 3 l l  V
( 6 . 0  o - ’ 5)
^ N i c k e l  _
0 . 0 0 J 2 9 0
- 0 . C 0 2 C ? 4 
0 . 0 0 0 2  7 5
-  0 . 0 0 2 C 2 4 
0 . 0 0 3 3 2 0  
0 . 0
0 . 0  017 58 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0
Kirioi i r  -1 :_il
(6 . 5 0^-1,
N _ o h". C'! j   ^u 11 .. i
I J
- 0 , 0 0 1 3 : 3 2
4 0 . 0 0 : 7 2 ■ 2
- 0  .OOOC4 55 
+ 0 . 0 0 7  3 4 : ;  
~ 0 . 0 0 3 4 8 ~ 4 
0 . 0  
- 0 . 0 0 1 C90C 
0 . 0  
0 . 0  
0 . 0
o . o o o ]  ;• 20 
0 . 0
o . o o o : : :  o 
0 . 0
0 . 0 0  " 3 0 3 4
r, f - ' j  . ^
c . r
0 . 7
0 . 0
0 .. 0 
0 . 0  
0 . f' 
0 .  0 
0 . ' 
0 . 0
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APPENDIX A
In t h i s  append ix  the e xp ress ions  fo r  t h re e -c e n te re d  i n t e g r a l s  
0 s | 3 d )  and ( 2 p |3 d ) ,  are g ive n .  The (3 d |3 d )  exp ress ions  appear in 
re fe rence  6. Not a l l  p o s s ib le  types are p resen ted ;  however, any 
o th e r  type can be o b ta in e d  from these by a s imple  p e rm u ta t io n  o f  
the c o o rd in a te s .  In a d d i t i o n  to  the d e f i n i t i o n s  made in chap te r  I I ,  
the  f o l l o w i n g  are  conven ien t :
h ■ u ( i - u )  .
In terms o f  these q u a n t i t i e s ,  unnormal ized  th re e  ce n te r  i n t e g r a l s  
f o r  S l a t e r  type o r b i t a l s  become
A
2
A
3 ( fg)
105
971 +
B -  A -  DX X X
B -  A -  D
y y y
B -  A + Dz z z
66
67
<2px (A) | cos K r c J3d 2 2 ( B ) ) -  2 T O f ^  r ^ B f 1 [ { D 2-D 2)Dx uh cos Kv  r C()
x - y  o
A, + ( (2 h (K  D -  K D )D + u2 (D2 -  D2)K ) s t n  K 7rn  1 x x  y y x  y x x '  V CO
-  2u Dx cos Kv r C[))A2 + ( -2Kx s i n  7 C[) + ( ( l - u ) ( K 2 -  K2)Dx
9 9 ^  -<
-  2u Kx (KyDy '  Kx ° x »  COS r CD)A 3 *  Kx (Kx '  Ky> S i "  Kv  r CD V
du .
<2p (A) I cos K r c | 3d 2 j ( B ) >  -  2 * »  O j  r | B j ' [ ( 0 2 -  D2)Dx u h
x - y  o '
9 9 9 —*
COS K 7 r f , A. +  (2h0 (K 0 -  K D ) +  u K (D ■ D ) )  s i n  K r f n  A ,v CD 1 z x x y y z y x v CO 2
+ ( { } - u ) D  (K2 -  K2) + 2u K (K D K 0 ) )  cos X 7_n A."  z y x z x x — y y v CD 3
£
+ (K2 -  K2 ) ^  s i n  i<v  ; [D A ^ e "  fg  du .
<2px ( A ) |  cos K r  I 3d 2 2 (B)>  -  2 n a ,« 2 rj*B o h cos i<v  ?CD A,
3z - r  o
+ ( 0 x (2 -u )  cos 7 CD *  (20zDx Ki  h -  D2Kx u2 ) s i n  7 ^ )  A j
2
+ < _Kx O  ! i "  * „  ? CD *  <2W x  “  -  ° x  J U ^ T  -  Dx Kx ( | - u ) )
a 2 i
e«  Kv ' CD> A3 + (Kx j ( l T y )~2 + Ks K" ) S i "  * v  7 CD du •
<2p (A) I cos *  7 |3d 2 2 > -  2 TO,02 r ]  j ’ [ ° ^  u h cos t  7  A,
3z - r  o
+ (Dz (2 -3u )  cos Kv r cp + D2 Kz u (2 -3 u )  s i n  r CD)
2
+ ( Kz 5 i n  %  " cd  + ( ° A l 3 u - ' ) •  ° z  3 n ^ y  005 Av  7 cb>
A3 + ( * z  + Kz> S in  K  T CD \ > ‘ ( f 9 ) i  dU '
6 8
3 - i  - 2\  I s ( A ) | c o b  is r  j 3d ( B)  /  -  ry r  1 : u C D  c o s K r A
* / < - '  ] z Ad-- ‘ x y  i /  CO
+  (is D + K 0 ) u b i n  K r  A - K  ,< c o s  K r  A do
X y y X y CD 2 X y T, CD 3 J
\ 1 s ( a ) cob r ! 3d . , ( 6 ) ;  = 2 t i g , (7., ” ( D “ -  D2 ) u 2 co- ,  K i% „1/ LJ I „ Mt o X y -j 1,D
A + 2 U b l n  K r  (K D -  K D ) A -r ( K 2 -  K2 ) c o s  ;< 7  r  n duI i / l D  x x  y y 2 y x y  CD 3
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